UNCLASSIFIED

A 245 155

Reproduced
by the

ARMED SERVICES TECHNICAL INFORMATION AGENCY
ARLINGTON HALL STATION
ARLINGTON 12, VIRGINIA

®

UNCLASSIFIED




NOTICE: +hen goverrment or other drawings, speci-
fications or othar date are used for any ~urposc
other than in connection with a definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
o.ligation whatsoever; end the fact that the Govern-
ment may have formulated, furnished, or in any way
supplied the said drawings, specifications, or other
data is not to be regarded by implication or cther-
wise as in any mammer licensing the holder or any
other person or corporastion, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.




AN ANALYTICAL INVESTIGATION
OF AIRPORT CAPACITY
Report No. TA-1358-G-I

Aclig T 31 1O

Internal Research

WaE A Y

= SHE Ul

\V%é

JURE 1960

e

gggigggggggil!




mmmmmmmw

o b

CORNELL AERONAUTICAL LAGORATORY, INC.
Buffalo 21, New York

AN ANALYTICAL INVESTIGATION
OF AIRPORT CAPAC!TY

Report No. TA-1358-G-1

Internal Res=arch

JUNE 1960

BY: @/Z’Zrm APPROVED:S%\QMQCQ\‘%\

A.é.’ums‘tein S. J. Deitchman, Head
Systems Synthesis Depariment Transportation Systems Section
Systems Synthesis Department

2‘““”’“\
d

ms Section
partment




cment Wow s o mENe oo sowd oW GENE PR SRR O Ak

ABSTRACT

The problems of air traffic contr~l, particularly those of
capacity in the terminal area, are examined indicating the need for
increased airport cavacity., Analytical models are formulated express-
ing the capacity of an airport runway as a function of parameters char-
acterizing the airport, the air traffic control system, and the arriving

aircraft.

Landing capacity is conside d to be restricted by the mini-
mum space separation requirec at the common-path gate and by the
minimum time separation required at the runway. A mecedel is formu-
lated for estimating the landing capacity of a runway used for landings
only which expresses the following syste:rr characteristics: 1) minimum
space separation required at the beginning of the common landing path,
2) minimum time separation required at the runway, 3) length of the
common landing path, and 4) the parameters of the landing-velocity dis-

tribution.

Take-offs are considered to be interposed between landings
wherever possible and performed as a separate run where necessary.
A model is t( ‘mulated for estimating the cperations capacity of a runway

used for landings and take-offs which expresses the parameters of the




landing model as well as the following: 1) minimum time separation
required between departures, 2)the runway-occupancy time of a land-
ing aircraft, ard 3) the minimum distance separation required to permit
a departure to be interposed before an arrival. Extensions of these
basic models are indicated, including extension to the inivestigation of a

multiple-runway airport.

~

‘The effect of the various system parameters on capacity is
investigated by means of the models deveioped. It is shown that landing
capacity is negligibly improved by a reduction in runway time separation
by such techniques as construction of high-speed turnoffs. The greatest
improvement would result from r~duction of the present 3-mile separa-
tion required at the beginning of the common landing path. A particular
sequencing rule is examined as a potential means of increasing landirg
capacity, and is indicated to b. of little value, although it could appreci-
ably increase operations capacity. Other techniques for improving
landing capacity are investigated. Operations rate is shown to represent
a complex interaction of system parameters, and can often be increased
by actions that tend to decrease landing capacity, but which increase the
rate at which take-offs can be interposed between landings. The high-
speed turnoff is shown to contribute to an increase in operations capacity
by removing landings from the runway earlier, thereby providing

increased opportunity for interposing a take-off.

ii
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CHAPTER 1

INTRODUCTION

The air traffic volume in the United Stares has increased
markedly since World War II, and is expected to increase a* an even
faster rate in coming years. This increased demand has not been accom-
panied by a commensurate increase in the capacity of the ration's airports
and air traffic control facilities, and so has led t- an increase in the
number and length of delays experienced by aircraft, particularly during
instrumen* weather. The problem is most critical in the termiral areas,
since most of the delay is experienced while aircraft wait their turns to

land or to take off.

This investigation is directed at the question of airport capa-
city. The problem has been examined in the past primarily by the tech-
niques of real-time simulation with human subjects in a simulated
environment, and fast-time digital simulations are currently being
developed. Analytical formulation of this operational problem in terms
of a system of equations has a number of advantages over simulation.
Once developed, the equations can be solved for any number of conditions
and parameter combinations far more cheaply and quickly than a simula-
tion can be operated. Their simplicity often aids in achieving 2n under-

standing of the system operation more reaaily than with a complex




simulation. Analytical models can provide complete distributions or truc
expected values rather than sampled data. These advantages are generally
associated with a system description that is less realistic than that
possible in a simulation, but the lack nf realism need nct necessarily b>

a handicap in the context of the questions being investigated.

The objective of this study is the development of such analyti-
cal models expressing the landing capacity and the operations capacity
(i. e., the rate of landings and take-offs under saturation conditions) of a
runway as a function of the airport and air traffic parameters. With these
models, the effect of the various parameters on airpor: capacity are
examined with a view to understanding the operation of the system and the
effect of the parameters and their interactions on its operation, ultimately
with the goal of learning the most effective means of raising the capacity

of airports in processing arriving and departing air traffic.

1.1 Outline of the Report

Following this introiuction, Chapter 2 contains a brief descrip-
tion of the present air traffic control (ATC) system as it operates in the
United States, particularly in conditions of poor visibility, when the strain
on the system is most severe. This information is presented as an intro-
duction to the reader unfamiliar with ATC and as a background for some of

the assumptions made in the formulations of the analytical models. The
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conclusions of some of the major national post-war studies of ATC are
summarized, and some of the major remaining problems are indicated.
The increasing problems of capacity are presented, and the problems of
the terminal area in particular are discussed, indicating the crucial role

of the terminals in the present problem.

In Chapter 3, the problem of landings on a single runway is
studied. This problem has practical importance of itself, sin~e many
runways often are used for landings only, but also serves as a necessary
first step in the analysis of the larger problem of a runway u =d for
mixed operations. A model is formulated permitting determination of
the landing capacity of a runway at any airport as well as the distribution
of the ianding-time intervals. Possible extensions of the model are
indicated. The model is used to examine the parametric effects on land-
ing capacity, and to estimate the capacity of some typical airports.
Various means of improving landing capacity are considered, and reduc-

tion of space separation along the landing path is shown to be most fruitful.

The problem of a runway used for botk landings and take-offs
is treated in Chapter 4. An analytical model is developed that relates
operations capacity to the eight principal parameters affecting it., Exten-
sions to this basic model are formulated, indicating how the basic model

may be applied to situations excluded by the assumptions. Operations
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capacity is shown to be 2ffected by a complex interaction of the system

parameters, anrd it can often be increased by steps that tend to decrease

landing capacity.

In Chapter 5, the results cf the analyses are discussed to
indicate the relative effectiveness of various techniques for iacreasing
airport capacity. The limitations of these results due to model assump-

tion are indicated, and extensions of the research reported here are

discussed.

1.2 Contributions of the Study

This study contributes to the solutior of present and future

s

roblers of airport capacity as well as to the literature of operations
research. The major contribution is to the body of models available to
the operations analyst for studying terminal-area operations -- a classi-
cal problem area which has concerned operations research almost from
its beginning -- by the formulation of new analytical models and exten-~
sions which indicate airport performance as a function of system charac-

teristics, and which are widely applicable. In addition to developing these

techniques for analyzing airport problems, they have been applied to

current operations, resulting in specific recommendations for improving

performance.

pm——

——— q——
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CHAPTER 2

AIR TRAFFIC CONTROL

The ATC system exists primarily tc permit aircraft to fly in condi-
tions of minimum visibility without the accompanying large risk of a mid-air
collision., To be of value, this proiection must be achieved with a minimum of
inconvenience (primarily in the form of delay) or expense to the user. The
protection is ac..mplished by following the position of each aircraft uncer
control and assignirg to it an exclusive volume of airspace. This cushion is
large enough so that, despite the errors in position information, sufficient
time is available for the contr,l system to detect potentially dangerous prox-
irity of iwo aircrait and to issue appropriate control orders to the aircraft to

remedy the situation.

The ATC system must contain subsystems performing data-
collection (to obtain knowledge of aircraft positions and intended flight paths),
data-processing (to predict poteutial conflict situations), decision-making
(to select the best means of resolving thz conflicts), and communication (to
inform the pilots of action required to resolve the conflicts). Today, the
data collection is accomplished by radar observation and by radio reports
sent by the pilots when they pass over specified radio transmitters; the data
processing and decision-making 1s performed manually by controllers using

hand-written records; and cominunication 1s performed by voice radio.




The controllers clearly have a predeminant role in the system's
operation. They are aided by a set of basic principles (e.g., "first-come-
first-served") and by a codified set of "YANC procedures" [ 1 ]* which cover
many situations, but much is still left to the controller's judgment. Equip-
ment is now being developed which will aid the controllers in data-processing
but which will continue to entrust all decision-making only to the versatile

and fl-xible human controllers.

This chapter contains a brief introduction to ATC, primarily to
provide some background reference for the analysis that follows and to indi-
cate some of the practical motivation of the problems studied. Following a
brief history of ATC development, the present methods of performing air
traffic control are sumn.arized, and only those detailed rules which are used
in the later analyses are presented. Some previous major studies of ATC
are also summarized. The discussion is concluded with some basic ATC
problems which relate especially to those of system capacity and terminal
operation, and particularly to terminal capacity, which forms the subject of

the later analyses.

The numbe~s in square brackets denote the refereances, which are listed
on pages 201-210.
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2.1 The Preseat System of ATC

The fundamental rules governing air traffic operation are con-
tained in Part 60 of the Civil Air Regulations [ 2]. These define two systeras
of rules: Visual Flight Rules (VFR), which apply only when visibility is good,
and Instrument Flight Rules (IFR), which apply under poorer ,or "instrument')
weather conditions or whenever a pilot requests control under these rules to
obtain additional collision protection. All aircraft must "Iy according to IFR

whenever they are:

less than 500 feet vertically under, 1, 000 feet vertically

over, and 2, 000 feet horizontally from any cloud formation;

o * beneath the ceiling when it is less than 1, 000 feet,. . . .

[ or] when flight visibility is less than 1 mile . . . . [or in

the vicinity of an airport] when the visibility is less than 3

miles. {2, p. 3.]

The VFR rules are based on the '"see-and-be-seen' principle, in
which all responsibility for collision avoidance is placed with the pilots. The
IFR rules compensate for the pilots' limited visibility by investing this respon-

sibility in the control system, which surrounds each aircrzaft with a volume of

airspace which may not be violated by any other IFR aircraft.

IFR control is exercised in aczordance with a promulgated set of
procedures jointly arrived at by military and civilian air authorities [ 1] and
designated as "ANC Procedures." In this section, these procedures are
briefly summarized, partly to indicate some of the operational concepts, but
primarily to serve as a reference for some of the procedurzal assumptions

that enter into the models of Chapters 3 and 4.




2.1.1 Development of ATC

Air Traffic control appeared relatively late in the development of
aviation. The early pilots flew only in clear weather, and worried little about
collision with the few other aircraft operating. As commercial aviation
developed, with the concomitant demand for safe operation in almost all
weather conditions, facilities were created to meet these demands. Radio
equipment was first installed in a control tower in 1930 for airport control,
but it was not untii 1935 tk~t any organized control of enroute IFR traffic was

effected. As stated in a traffic control training manual:

At that time, air carriers operating between Newark,

Cleveland, and Chicago established centers from which

a limited amount of control information could be given

to pilots to provide separation from other traffic. The

fsllowing year, the Civil Aeronautics Administration

(CAA) took over the operation. [3, p.i.]

Until 1%44, all aircraft operating under IFR conditions were
controlled by these Airways Centers from shortly after take-off until final
approach to landing. The control -owers at the airports were responsible for
the control of traffic on the airport itself and for VFR traffic operating below
the clouds. To 1emove some of the inefficiencies and delays in this system,
an Approach Control function was then assigned to many of the towers to
extend their control beyond their visual limits, and to permit them to coor-

dinate activity on the airport with that in the surrounding airspace. Today,

the enroute IFR separation is effected by Air Route Traffic Control Centers
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(ARTCC), Approach Control in the airport towers directs the movement of
IFR traffic to and from specific fixes in the vicinity of the terminal, and
Airport Control directs the flow of traffic on the surface and in the visible

portion of the airspace immediately adjacent to the airport.

2.1.2 Instrument Flight Rules

_Z_. 1.2.1 Enroute Control

Control during the enrou e portion of a flight (i.e., the entire
flight except that portior in the vicinity of the originaticn and destination
terminals), is effected by means of a network of 'airways,' which also serve
as a navigational route structure, similar to a highway system. The airways
are defined between pairs of radio transmitters, or "fixes, ' located through-
out the country. A pilot, before taking off, files a flight plan with the ATC
system, indicating his intended airway route. From his flight plan, the
Center (ARTCC) determines his estimated time of arrival (ETA) at each of
his first few fixes, A coutroller is assigned tc each fix, and he maintains a

list of ETA's and scheduled altitudes of all aircraft intending to pass there,

When he is ready to take off, the pilot requests clearance to his
first few fixes. The controller assigned to each of these fixes checks to see
that no conflict with other traffic would be created by the aircraft arriving
there. A conflict would occur if two aircraft have ETA's less than the mini-

mum separation time (generally 10 minutes) and altitude separation less
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than 1,000 feet. If no conflict exists, the pilot is cleared to the fix; f a con-
flict does exist, one of the aircraft is delayed, or :s ordered to another
altitude level. In accordance with the first-come-first-served principle, the

pilot with the later ETA receives the control order.

As a pilot passes each of his enroute fixes, he reports his actual
time of arrival, fron: which his ETA's at succeeding fixes are up-dated. He
must then obtain clearance to each successive fix. Conflicts are generally
resolved by holding (flying a specified pattern over the fix or reducing spzed

slightly) or altitude changes.

When radar facilities are = railable, the separation standards are
far less severe than those imposed by the ANC requirements, since ihe posi-
tion information is far more precise. Aircraft may approach as close as
three miles if they are within 40 miles of the radar, five miles if beysnd.

This contrasts sharpiy with 50 miles required of 300-knc. aircraft in the time-
separation (ANC) system, or 100 miles required of 600-knot aircraft. The
capacity immrovements 1o be derived by the installation of radar in enroute

control are obvious.

Radars, on the other hand, introduce additional problems:
identification of the radar return from an aircraft which does not carry a
veacon transponder can consume considerable controller and pilot effort;

some targets are not seen on the radar, while spurious returns can clutter

g
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the picture; vectoring aircraft observed on radars can be very time-consuming.

Furthermore, since radar has not yet reached the reliability of radio, the sys-
tem, even with radar, tends to operate at a low capacity level so that it can
revert to ANC operation in the event of a radar failure without catastrophic
effects. As these probleimns are r:solved, the installation of enroute radar will
accelerate and the enroute capacity will be appreciably increased beyond cur-

rent levels.

2.1.2.2 Terminal-Area Air Traffic Control

Transition between enroute and terminal control is achieved at the
"stacks, " or holding fixes, located over some radio facility in the vicinity of
every major terminal. The lower altitudes at the stacks are under the juris-
diction of Approach Control at the airport, while the upper altitudes are con-
trolled by the Center. Approach Control keeps the Center informed of altitude
availability at the stacks, and the Center clears an aircraft destiaed for the
airport to the lowest available altitude in one of its stacks. Its further pro-

gress is then under the direction »f Appreach Control

In addition to providing a convenient transiticn to terminal control,
the stack serves as a butier storage in which aircraft wail their turns to land.
If no other aircraft are approaching or waiting to land when an aircraft
arrives in the terminal area, it is cleared to land, aud follows a standard
procedural maneuver to final approach. If other aircraft are w~iting to land,

however, the arriving aircraft is ordered to the lowest vacant altitude in the




stack; when an aircraft leaves the bottom of the stack for an approach to the
airport, the remaining aircraft all descend one altitude layer (1, 000 feet) and

continue to wait their landing turns.

Most ma jor terminals maintain at least two stacks, partly to
accommodate aircraft with different rad:o equipment, partly to accommodate
aircraft arriving from different directions, and partly to provide an opportunity
to interleave aircraft from the different stacks while maintaining vertical

separation in the stack and alleviating the limitatiors of aircraft descent rate.

Aircraft are dispatched irom the stacx in accordance wita a first-

~ome-first-served priority rule, specified by the ANC procedures:

2.1001. Priority: The first aircraft estimated to arrive

over the point from which approaches are commenced will

normally be the first aircraft to approach. Other aircraft

will normally have priority in order of their estimatea

arrival time over such point. [1, p. 11.]

Approach Control directs the aircraft from the stacks to final
approach and the landing is comp.eted with the use of a landing aid, normally
the Instrument Landing System (ILS). The path flown onto final approach is
normally a standard procedural maneuver. When radar control is available,
radar vectoring over short-cut routes is often performed, consistient with

the need to keep workload on the radar operators low in order to recover

easily from a radar failure and to revert to standard ANC procedures.

L—/
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Airport Traffic Control (the Tower), operating in the glass-
enclosed portion of the airport tower, exercises visual control over all opera-
tions on the airport surface and the immediately adjacent airspace, and
assigns all landing and take-off clearances. In controlling the runway use,
the Tower follows the basic principle tha.t the runway shall never be occupied
by more than one aircraft. After Approach Control has cleared an aircraft
for an upproach, the pilot must contact the Tower for clearance to land. The
Tower is in a position to hold departures to give th~ priority to the landing
aircraft, or to order the landing aircraft to go around for anuvther landing

attempt if the runway is occupied and does not permit a landing.

Since landings are ordinarily given priority over take-offs, a
long take-off queue often develops because landings have been operated at a
high rate, and the landing intervals have been too short to interpose the
waiting take-offs. From observations of controllers in operation, it has
been noted that the Tower, under such circumstances, notifies Approach
Control of the situation, and Approach Control then discontinues the landing
process while the queue of departures is dismissed, or dispatches the
arrivals from the stack at longer intervals so that more take-offs can be

executed in each landing int~rval.




14

2.1.2.2.1 Separation Stardards

An aircraft is not dispatched {rom the stack unless 1t is certain
that its predecessor is well ahead of it. Witnout radar, timed approaches
are used in dispatching aircraft. The ANC procedures indicate some of the

considerations involved-

4. 413. The time interval to be used between succesive
approaches shall be determined by the approach controller
and is dependent upon the speed of the aircr ft, existing
weather conditions, the distance from the holaing fix to the
airport and type of approach. Under optimum conditions,

a two-minute ianterval is the absolute minimum; this interval
being increased as necessary in poorer weather conditions,
or because of high-speed aircraft following slower speed
aircraft. [1, p. 63.]

This two-minute requirement is equivalent to 5 miles at 150 knots, 4 miles

at 120 knots, and 3 miles at 90 knots.

Since most important airports are equipped with radar, the
radar separation is more often used. This separation is specified in a radar

procedures manual as:

1.4, Separation Standards. A minimum of 3 miles separa-
tion shali be maintained between aircraft. . . When radar
separation is utilized more than 40 miles from a radar site,
a minimum of 5 miles is maintained.

1.40. Additional separation shall be provided as required by
the speed variations of aircraft, wind conditions, runway
acceptance rate, or other reasons in order to insure that the
required separation is maintained or increased as aircraft
progress through the system. {4, p.4.]
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Separation is also required at the runway, as specified in the ANC procedures.

2.141. Sufficient separation shall be effected between

arriving 2ircraft so that the succeeding landing aircraft
on the same runway will not cross the airport boundary™
in its fizzl glide wuiil the proecceding aircerait has cleated

the runway-in-use. [1, p.26.]

It has been determined, in discussions with air traffic controllers,
that no corrective action is crdinarily taken to restore the 3-mile radar sepa-
ration when it has deteriorated on final approach if it is clear that the runway

separation will be maintained.

Standards defining the necessary interval between departures

under ANC procedures are given as:

2.0801. Three-minute separation at the time altitude
levels are crossed if a departure will be flown through
the altitude level of a preceding departure and both
departures propose to follow the same course. . .

2.08010. Two-minute separation at the time courses
diverge if aircraft propose to fly the same course imme-
diately after take-off and then follow different courses,
providing aircraft wiil follow diverging courses within

5 minutes after t.ke-off. . .

2.08011. One minute separation if aircraft propose to
fly different courses and lateral separation is provided
immediately after take-off. This minimum may be
reduced when aircraft are using parallel runways. . .
[1, pp. 9, 10.]

"Airport boundary'was changed to read, "approach end of the runway"
in August, 1959. [5]
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The restrictions on the runway-in-use are enpressed by.

3.142. Controllers shall not clear a departing aircrait
for take-off until the preceding departing aircraft on the
same runway has crossed the end of that runway, or has
started a turn away from the runway. [1, p. 26.]

Approach control, with its radar capability, also serves as
Departure Control, and normal radar procedures apply, which are often

less inhibiting than ANC procedures. For mixed arrivals and departures,

the ANC procedures specify:

4.03. Take-off Limitations: An approach controller may,

at his discretion authorize take-off. . . under the following
conditions:

a) When the arrival is sighted by the controller; or
b) Until the arrival, making a straight-in approach to
the airport, reports leaving 2 holding-fix located
not less than 4 miles from the airport; or

c) When the arrival, n.aking a contact [visual]
approach, reports over a visual reporting point
not less than 4 miles from the airport; or

d) When the arrival, in radar contact and positively

identified, is observed to be not less than 2 miles

from tne airport. [1, p. 58.]

The above limitations apply tc a departure when it precedes a

landing. They presumably are designed so that the departure has sufficient

time to clear the runway before the landing arrives. When the departure

follows a landiug, the ANC procedures require:

3.143 (2). A departing aircraft will not be cleared for
take-off until the preceding landing aircraft on the same
runway has cleared the runway. {1, p. 26.]




2.2 Some Previous Studies of ATC Problems

Air traffic control has been the subject of a number of major
nationai studies since World War II. These have been directed primarily
at indicating the best configuration of future ATC systems, but have been
necessary largely because of the fragmentation of authority for ATC within

the Federal government.

The first major study was initiated in June, 1947, oy the Radio
Technical Cornmission for Aeronautics (a government-industry association
concerned with aeronautical use of electronics) at the request of the Air
Coordinating Committee. The goal of the study, undertaken by RTCA's

Special Committee 31, was to:

undertake a study of 2ir traffic control for the purpose of
developing recommendations for the safe control of expand-
ing air traffic. [6, p. 2.]

Many of the questions SC-31 was asked to investigate remain the most

heatedly-argued questions of ATC today, such as:

1) A determination as to whether aircraft operations shall
be based upon utilization of airways only or of the
entire navigable airspace.

2) Investigation of the advisabiiity of establishing a maxi-
mum aircraft acceptance rate for landing and take-off
at each airpoxt to govern the flow of traffic into any
given airport.
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3) A determination as to whether traffic control shouid
be made applicable to all flight moverments and, if se,
whether separate procedures should be established for
unrestricted and restricted visibility weather conditions.

[6, p.2.]

n

In addition, the still-cnrrent gucstions ol how best to perform scheduling.
flight planning, collision avoidance, and the appropriate division of respon-

sibility between the air and the ground were to be studied.

The study resulted in a comprehensive 15-year plan t6], [7]
to be enacted in two phases - a transition phase to be completed by 1953 and
an ullimate phase to be completed by 1963 - to provide a Common System of
ATC to be used by both military and civil aviation. The present ATC system,
in most respects, resembles the recommended transition system, except

that the transition is still not complete.

The proposed ultimate system was characterized by considerable
automation of communicaticn, decision-making, and even actual control of
the aircraft. The recommendations were far ahead of their time. The
memory of the phenomenal rate at which electronic equipment was developed
under wartime motivation was still fresn, so the committee recommended
equipment which, even today, has not yet been effectiveiy developed, Most
of the committee had had their experience in military eiectroaics, where
the ability to impose external discipline over the pilots was far greater than

could ever be atiained with civilian pilots. Implementation of the committee's




recominegndations was made even more difficult by the lack of a central avia-
tion authority in the government, and nc single one of the many agencies was
sufficiently powerful to witiistand the pressures from the interested segments

of aviation, each of which had its own ideas about the best system to develop.

The RTCA study was followed by a much more modest one [ 8] --
primarily a review of action effected as a result of the RTCA study and a
delineation of the most essential action that could be taken to implement the
Common System -- conducted in 1950 by the Operai.onal Policy Group
{Special Working Croup 5) of the Air Coordinating Committee. The task
assigned the group was the devel>pment of '"operational policies and pro-
cedures which would permit a safe arnd orderly iransition for the Common
System" [ 8, p. ii] which, in the two years since the RTCA study, had pro-

gressed only slightly toward its goal. The group's report noted that:

The group's studies have disclosed that traffic congestion
in a few major terminal areas is the prime cause of
delays, confusion, and disarrangement of traffic through-
out the entire system. Terminal area congestion is
particularly serious during the high percentage of border-
line weather where some traffic is {flying on visual flight
rules while other traffic is flying on instrument flight
rules. [8, p. 2.]

The report further pointed out, with respect to the terminal area:

The most criticai bottleneck in handling airborne traffic
is found in the terminal area. . . On close scrutiny, it
becorn<s apparent that the traffic handling capacity of the
terriinal area determines the over-all capacity of the
entire air traffic control system. [8, p. 23.]
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In the terminal area, the group proposed increased use of radar,
and radar approach and departure procedures as well as additional air/
ground communication facilities, and radar beacons for identification and
echo enhancement. The group also recommended the installation of suriace
detection radars for expediting traffic on the airport's surface. Wiih some
exceptions (e.g., beacons), the group's program which was far more limited
than that of SC-31, has been largely implemented by this time, at least at tie

major airports.

A

A somewhat different investigation, oriented more toward the
general public than the aviation community, was undertaken in February, 1952
by the ad hoc President's Airport Commission under James H. Doolittle [ 9].
The study grew out of the several landing accidents that occurred in the winter
of 1951-52, and particularly the two incidents at Elizabeth, N. J., where air-
craft attempting to land at Newark Airport crzshed into residential areas with
disastrous loss of life. The study was primarily oriented towards the reduc-
tion of both the hazard and nuisance imposed on the communities adjacent to
airports. The study served effectively to absorb the public indignation, and
genc r2ted a number of recommendations to reduce both the hazard and

nuisance.

By May, 1955, development of the air traffic control system had
slowed to a da: jerously low rate, while the numb<er and performance of the

aircraft constituting the air traffic was increasing rapidly. The Bureau of

At
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the Budgct organized 2 committee under William Harding to determine whether
"a study of long-range needs for aviation facilities and aids should be under-

taken' [ 10, p. v] and, if one should be initiated, to indicate the scope of such

a study.

The Harding Cornmittee quickly discovered the pressing need for
some rapid action to shore up the ration's air traffic capability. They noted

that:

much of our airspace is already overcrcwded and that, in
many important areas, the development of airports, naviga-
tion aids, and especially our air traffic control system is
lagging far behind both aeronautical development and the

needs of our mobile population and of our industry. [10, p. 1.]

They pointed out that the plight was due, not to lack of scientific capability
for developing a solution to the problem, but in part because of the unexpected

rapid increase in aviation capability and demand, and:

it is also due to the lack of general appreciation of the need

ior a "'systems' approach to our aviation facilities develcp-
ment. [10, p.1.]

The committee decried the dilution of administrative responsibility and
authority among the Federal government, pointing out that there were then

75 governmental organizations concerned with aviation faci'ities matters.

The committee strongly urged a study to be performed by a special
assistant to the P:esident who would have authority over all of the many seg-

ments of the government, and who could supersede the parochial interests of

each of the smaller groups.
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Following the re~ommendations of the Harding Committee, wita
added impetus provided by the disastrous mid-air collision of two airliners
over the Grana Canyon on June 30, 1956, President Eisenhower, in a letter
dated Fcbruary 10, 1957, appointed Edward P. Curtis as Special Assistant
to the President for aviation {acilities planning to make a comprehensive study

of future requirements for aviation facil w»d the most effective means of

meeting these requirements. [11, p. vii.]

In his final report, Curtis summarized the nature of the prezent

problem:

Between the combined demands of civil and mrilitary aviation,
the existing control apparatus is already taxed to saturation
whenever instrument conditions prevail around and between
the principal metropolitan centers. Under such conditions,
the normal flow of air traific in and out of the New York area,
for example, may iall as much as 60 percent. At the present
time, our aviation facilities are hard-pressed to manage,
within the bounds of prudence, even the fair-weather flow of
traffic now contending for room on the principal routes and
at the metropolitan approaches. They are wholly incapable,
in their present form of meeting more than a fraction of the
far heavier demands upon our airspace which the national
strategy and the market are certain to impose by 1975 --

the period covered by this report. [11, p. 1.]

He noted the lack of progress that has cnaracterized recent years:

. . + Except for the addition of radar control around major
ai~ports, the air traffic control system now in use is, in

its principal technical particulars, much the same system
chat was devised two decades ago to accommodate the growth
tn traffic stimulated by the DC-3 -- an airplane that cruised
at about 160 miles an hour. [11, p.2.]
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While the system has changed negligibly, the demand for assist-
ance from the system has increased drastically. The Curtis Committee, in
a four-volume final report [ 12, 13, 14, 15] forecast the traffic requirements
for aviation facilities. In a Systems Engineering Team report [ 10], they
presented some of the precepts of a future system design, and emphasized
the need for the systems analysis approach to the solution of the problems

facing air traffic control.

Probably the miost significart practical result of the work of the
Curtis Commiitee was the acceptance of their recommendations for the
centralization of the ATC system development and operation in the govern-
ment. The Airways Modernization Board was first created by Congress in

August, 1957, with the exclusive authority to:

develop, modify, test, and evaluate systems, procedures,
facilities, and devices, as well as define the performance
charactecistics thereof, to meet the needs for safe and
efficient navigation and traffic control of all civil and
military aviation except for those needs of military agen-
cies which are peculiar to air warfare and primarily of
military concern, and select such systems, procedures,
facilities, and devices as will best serve such nceds and
will promote maximum coordinat on of air traffic control
and air defense systems. [17, p. 1.]

This was followed one year later by the creation of the Federal Aviation

Agency, which absorbed the AMB and had exclusive authority to:

provicde for the safe and efficient use of the airspace
by both civil and military aircraft. [18, p. 1.]
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Both the AMB and the FAA were led by E. R. Quesada, a retired Air Force

general.

In these two organizations, for the first time since the develop-
ment of commercial aviation, a1l respensibility fos national aviation faciiies
and operating procedures (including all military aviation other than tactical
operations) was lodged in a single Federal organization which had the authority

to impose its decisions on all segrents of aviation.

Upon the creation of the FAA, the AMB was incorporated into
the FAA as the Bureau of Research and Development (BRD) now under the
direction of James Anast. The BRD is concerned with the development of
all new navigational and control equipment and w'th all systems analysis and
engineering for air traffic control. The core of the BRD's program has been
the Data Processing Central | 19, p. 1] equipment to automate many of the
house-keeping tasks of air traffic controllers. Additional research and
development is being conducted in many other areas, most notably in the
development of an automatic data-link for ground-air communications and
in the evaluation of potential avtomatic landing systems that will permit

landing in essentially zero-zero weather conditions.
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2.3 Scme Inherent Problems in ATC

Many of the problems hindering the [uture development of improved
ATC capacity are inherent in the nature of the air traffic situation in the United
Siaics. We diccuss some of these here as a preliminary to a discussion of

terminal and capacity problems in the next sections.

2.3.1 Conflicting Needs of Airspace Users

In the Feceral Aviation Act as well as .1 the previous Civil

Aviation Act, Congress declared the nativnal policy concerning air traftic:

Sec. 104. There is hereby recognized and declared to exist
in behalf of any citizen of the United States a public right of
freedom of transit through the navigable airspace of the
United States. [18]

With this expressed national policy, it is essential that no airspace user be
discriminated against, and since the individual needs of the different airspace
users are so diverse and often conflicting, an action that aids cre group often
works to the detriment-- and the resulting vocal response -- of some other

group.

The airlines constitute one end of the spectrum. They desire the
utmost in protection of their aircraft, which carry many more passengers
and represent considerably greater investments than in the past. The larger
airlines are willing and anxious to equip their aircraft with the most sophis-

ticated and expensive equipment to vrovide ircreased protection. Since direct
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operating costs are weighed heavily in their decisions, they desire to operate
as closely as passible to straight-line routes between their terminals, but

are ready to adhere to a precisely-determined route which is filed before take-
off. Even this degree of cooperation is qualified, since they need freedom to

detour bad weather.

Military aviation is characterized by a wide variety of mission
types. A sizeable portion of their activity is not of the point-to-point trans-
portation type typical of airline operations. Training flights and test flights
particularly require complete freedom of movement, independence of route
structures, and freedom to change the route at any time during the flight.
Safety, while .n important consideration as in all flying, is of considerably

less significance than with the air carriers.

General aviation (i.e., all aviation other than military or air
carrier) represents tne greatest number of flying hours and by far the largest
number of aircraft in the nation. Ic also represents the most diverse interests.
Pleasure-flying aircraft are characterized primarily by their light weight and
minimum investment, with the consequent sensitivity to increases in weight
and cost that might result from requiring additional electronic equipment.

The owners generally are the least skillful pilots, and most of them do not
operate in IJIFR weather conditions. General aviation also includes business

flying, which itself represents a large range of capability from four-engine




craft flown by professional pilots for the larger corporations to the single-
engine craft whose operation differs little from pleasure flying, and con-
sequently represents a comparable range of needs., The third component is
commercial ilying, which includes such diverse activity as crop dusting,
aerial surveys, and transportation for hire. The fourth major component is
the instructional flying, which is generally performed in VFR weather in
light aircraft, largely by unskilled pilots. Of all the components of aviation,
general aviation is most limited in its skill and its financial resources; it
consequently desires a minimum of restriction to its free operation, either

in terms of route of flight or equipment requirements.

When the control of aviation was dispersed among the many
Federal agencies, none of the agencies appeared powerful enough to resist
the pressures of whatever - viation group felt itsel{ wronged by a new regula-
tion, and in order to offend no one, little was done to improve the situstion.
With the creation of strong central authority in the Federal Aviation Agency,
the government is in a better position to resist this pressure, which is

already being heavily applied.
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2.3.2 Need for Setting Conservative Separation Standards

The ANC separation standards currently in effect were set at
least 10 years ago on the basis of competent experiential judgment. Con-
trollers were asked their opinions regarding appropriate separations,
elementary trials were performed, and the standards were nromulgated to
be highly conservative so as to insure safety. That they were well designed
for safety is attested to by the fact that no coliision has ever occurred

between two aircraft both operating within the IFP system.

Safzty is extremely difficult to treat rationally. Only a portion of
the economic cost of an aviation accident is represented by the physical damage
and by insurance claims. Aside from the personal loss sustained by the sur-
vivors of the victims, which is truly immeasurable, significant secondary
economic loss is sustained by aviation. The enraged public reaction that
invariably follows z serious accident {such as the accidents at El.zabeth, N. J.,
the mid-air collision that killed several children in a school-yard in Pacoima,
California, and the Grand Canyocn collision) often forces the imposition of
severely restrictive regulation of flight, which inevitably results in severe
economic cost. To avoid accidents, then, separation standards must be set

extremely conservatively.
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Additionally, the air traffic contrecllers, on whom blame would be
placed if two aircraft under IFR control collided, must be protected, sc that
standards must be set conservatively for their sake. To further protect
himself, the controller often imposes ar additional safety factor, further

increasing the effective separation.

It is conceivable that highly conservative standards are today
undesirable even from the standpoint of safety. When the den =d on the
system is heavy, large separations increase the delays experienced by air-
craft. To avoid this delay, pilots may violate the rules, or try to operate
outside the separation rules, and possibly create hazardous situations. As
a result of the additional delay, most of which is absorbed in the terminal
areas, the airspace around the terminals, which is already densely filled with
aircraft, becomes even more congested, and may possibly provide greater

opportunity for collision.

Separation standards have been established so thar a controller
need remem®uer only a few simple rules of thumb which encompass all likely
situations, and he need not perform any calculations. With the advent of com-
puting equipment as an aid to ATC, it is becoming possible to develop more

sophisticated rules that could handle each situation individually.

Since capacity is directly related to separation standards, it would
appear desirable for a thorough investigation to be conducted into the setting

of separation standards most appropriate to todav's traffic situation.
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2.3.3 Obso . cence of See-and-Be-Seen Operation

Probably the most critical problem ATC faces today is the rapid
obsolescence of see-and-be-seen collision avoidance now used by aircraft
flying under VFR. In the early cays of aviation, the airspace was very
sparsely populated, and aircraft were characterized by speeds well under 200
knots enroute and under 100 knots in the terminal area. 1in today's operation,
some aircraft operate beyond the speed of sound and at about 200 knots in the
terminal area. Jn the Thirties, a pilot flying under VFR was continually
searching out the window, primarily for navigational checkpoints, but also
on the lookout for other aircraft. Today, a pilot flying in VFR weather, par-
ticularly if he is flying on an IFR plan, spends much of his time poring over
navigational charts, switching communication channels, switching channels
on his navigation receiver, and watching the aircraft and navigation instruments,

and so has little time to spend '"'seeing" other aircraft.

On th. ocher hand, aircraft speeds have climbed to the point where
little time is available for an aircraft to ""be seen, " even if the other pilot is
looking. The Civil Aeronautics Board, in a repori ona 1957 collision [ 20],
noted that the two aircraft were closing at a rate such that the pilot of one
would have had only 15 seconds from the time of earliest possible detection
until collision, barely enough time to evade, even if he had been looking in
the ri,“ht place at the right time. Similar arguments have been presented

in other accident investigation reports {21, 22, 23].
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The scrious hazard inherent in VFR operation has long
beer recognized by both the pilots and the Federa!l regulatory agencies.
Unfortunately, eliminating VFR wovld drastically cripple the nation's air
traffic activity. It has been estimated by the CAB [24, p. 150] that che
present air traffic control system has a capacity to handle only about 20%
of the aircraft that fly during VFR weather. Thus, the danger inherent in
see-and-be-seen operation must te accepted as being sufficiently less than
the economic penalty that would result from requiring completely controlied
operation with today's facilities. The ultimate goal of most planning, however,
is to place all air traffic under some sort of control wherever collision dangers

exist.

The airlines, to whom safety 1s more significant than to any other
component of aviation, now have a policy of conducting almost all their flights
under IFR, even in VFQ weather conditions. In this manner, they are posi-
tively separated from all other IFR aircraft, and thus effectively eliminate
the possibility of another two-airliner collision similsr to the Grand Canyon
disaster of June, 1956 [23]. That this procedure does not insure protection
is evidenced by the Las Vegas collision of April, 1957 [21], in which an air-
line flying IFR in VFR weathexr collided with an Air Force jet operating VFR.
To prevent a recurrence of such a situation, and to provide additional pro-
tection in VFR weather, several positive control airways from which VFR

are excluded were established in the 17,000-22, 000 feet region. The jet




airliners are continually monitored by air defense radars, and are thus posi-
tively separated from all other air traffic; such an operation has so far been
possible only because of the relatively small number of such aircraft operating.
The ultimate goal is to provide, to all aircraft desiring it, positive separation

from all other aircraft, regardless of weather conditions.

As a result of this desire for protection, the airlines, as well as
many other segments of aviation, are flying IFR, and must be separated by
IFR standards with the assumption that no pilot visibility is available., It is
obvious that this places an additional burden on the ATC facilities and

increases the problem of system capacity.

2.3.4 Introduction of Jet Aircraft

Within the last decade, the performance of aircraft flown by both
the military and air carriers has increased markedly. The flying public's
apparently insatiable demand for more .veed as well as the airiines® desire
for increased operating efficiency has resulted in the introduction of first the
turbo-prop and more recently the jet aircraft into the airline {leet. Aircraft
manufacturers [25] are already discussing the possibility of Mach 3.0 trans-
ports by 1965. The demand for improved performance from military combat

aircraft has similarly forced the development of high-speed vehicles.
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In addition to marking the obsolescence of VFR operation, the
introduction of the large number of jet aircraft places additioral responsibili-
ties on the ATC system. As pcinted out by Stevens [26], jet aircraft are
extremely sensitive to off-design performance and to air traffic delays. Jets
are particularly efficient when operated according to their planned flight pro-
files, which typically involve high-altitude flight at close to an cptimum
altitude and then rapid descent into the terminals. The economic penalties
for deviation from these profiles are far more severe than that incurred by
piston aircraft, and requires special consideration in air traffic conirol,
particularly in current operation, where the airline jets constitute such a
small portion of the operating aircraft. Policy, however, as stated by
Deputy FAA Administrator, James Pyle, in October, 1958 [27, p. 206)
dictates no preferential treatment for jet aircraft, although eventual recogni-

tion of this problem seems inevitable.

2.4 The Problem of ATC System Capacity

The demand on the nation's air traffic system is continually
increasing because both the number and the proportion of airborne aircraft
that can (by equipment and pilot skill) operate within the ATC system are
increasing. In addition, the demand on the ATC system for collision pre-
vention is increasing as a result of the growing awareness of the hazards

inherent in VFR operation.
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The recent growth in air operations was stated in October, 1958
by Pyle:

Our air traffic control system is handling an average of
22,400 IFR operations daily. I think that it is significant
to note that this is a 10, 000 per day increase in less than
three years and an incredible jump of 5,000 a day since
Juiy 1 of this year. [27, p. 216.]

In contrast to this number of IFR operations, Pyle points out that ‘there are
an average of 200,000 flights daily in the United States under VFR conditions
and this number is increasing.' Since the facilities are being taxed by opera-
tions at a rate of 22,000 per day, certainly a ten-fold increase would be
needed to handle today's VFR load if all aircraft are to be controlied. Such

aa increase by 197 has been called for by the Curtis Committee [16, p. 1].

In regard to the terminal areas, the Curtis Committee noted that:

While in 1936 there were 5 million take-offs and landings at
the Nation's airports, there are now 65 million and 115
million are forecast in 1975. . . We predict the need for a
two-fold increase in the capacity of our nation's airports
[by 1975]. [11, pp. 5, 6.]

While these numbers indicate growth over the nation, sitaations at individual

airports present the situation more specifically:

During peak hours on busy days in 1956, there were 175
aircraft simultaneously airborne in the New York area
{which is the largest xirline passenger generating area in
the world). It is predicted that by 1975, this nuinber will
grow to 370. Similar statistics for L.os Anpzles {wnich
generates the largest volume of general aviation in the
world) show that in 1956 there ware 270 aircraft simulta-
neously airborne under similar conditions. In 1975, this
number will have grown to 730. [11, pp. 6, 7.]
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The question of capacity has arisen in the proposed plan to expand
the airport facilities in the New York City Area. A study by the Port of New
York Authority {28] estimates the peak-hour movement requirements of the
New York area as 169 movements in 1965 and 200 movements in 1975. The
study estimates “resent capacity as 70 per hour for the dual instrument run-
ways at Idlewild and 40 per hour for the single instrument runways at LaGuardia
and Newark. On the tusis of this study, the Authority is proposing to build a

$220,000,000 airport in Morris County, N. J., to 1. eet the increasing demand

The rapid growth in instrument activity at the terminals is illus-
trated by the chart of Figure 2.1 (from [29]) which depicts the rise in number
of instrument approaches at CAA approach control facilities during the 1948-58
period. The rapid growth in the curve in recent years represents the com-
bined effect of increased traffic, more electronically-equipped aircraft, and
increased inclination to operate under IFR control. The increase in air traffic
activity alone is shown in Figure 2.2 (from data in [30]) which depicts tiner-

-~

ant (i. e., operations which do not bcth take-off and then land at the same

airport) aircraft cperations at FAA-contvrolled airports.

It is thus clear that the demand on the ATC system has been
increasing, and all estimates indicate that it will continue to increase at an
even faster rate as a result of the increased aviation activity ard of the
increased tendency to operate within the control of the ATC system rather

than under the see-and-be-seen VFR system.
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With increased load, increased de'ay inevitably follows if
capacity remains fixed. This delay is expensive to the aircraft owners,
particularly to the air carriers operating jets with their voracious fuel
appetities at low altitudes. The expense to the airlines is compounded by

the indignation of passengers missing connections or appointments.

As delay becomes intolerable, there is a tendency to violate
or circumvent the traffic rules. The Grand Canyon collision [23] resulted
in part from the fact that one of the two aircraft involved had requested
clearance to the altitude occupied by the other, and failing to receive the
clearance, chose a "VFR ca top" clearance to the same altitude, which the
ARTCC was powerless to refuse, and which, when accompanied by the

limitations of see-and-be-seen, led to the fatal disaster.

Since the ATC system is now operating to capacity much of the
tim , as evidenced by the frequent delays encountered, the need for

increased system capacity appears clear.




38

2.5 The Terminal Area Problem

The terminal is the critical bottleneck in ATC operation, frcm
the viewpoint of both delay and safety -- the two most important operational

performance measures of an ATC system.

A tabulation of mid-air collisions in civil flying from 1948 to
1957 [31] by the Civil Aeronautics Board (CAB) showed that, of 159 collisions
that occurred during the period, only 22 (14%) occurred more than 5 miles
from an airport; of the remainder, 41 (26%) occurred just over the airport,
and an additional 68 (43%) occurred within 2 miles of an airport. Of those
xvhose altitudes were known, all but 13 occurred below 3000 feet. Forty-
three percent of the aircraft involved were in the landing approach or traffic
pattern preparatory to landing, and were within a quarter-mile of the airport
when the collision occurred. Similarly, Air Force statistics indicate that
landings account for 43% of its accidents [32, p. 151]. Clearly, most colli-

sions occur in the vicinity of the terminais.

No measured data on '"delays' are available, although a study is
currently under way at Cook Laboratories under FAA sponsorship to measure
aircraft delays in the Chicago area. Some data are available from a simula-
tion developed at IBM [33] of an IFR air traffic controi system cperating
under ANC rules. The IBM study simulated a situation in wi'ich the landing

rate at each of the New York terminals was set at 30 landings per hour and
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a2 "normal" traffic load £ 200 aircraft in the New York ARTCC area in 2
hours (based on observations made by Franklin Institute Laboratories [34]

and Airborne Instruments Laboratory [35]) was imposed.

In analyzing th~ results of this simulation, it was found by
Cornell Aeronautical Laboratorv [36] that the "landing delay" {delay in waiting
to enter a stack prior to landing and delay waiting in the stack for a landing
turn) constituted 76% of the total delay time measured in the simnulation; the
"terminal delay" (landing delay plus delay waiting for departure clearance
but apart from the interaction effects between landing and departing aircraft)
constituted 89% of the total delay. The landing delavs represented 56% of
the totai number of delays experienced, while the terminal delays accounted
for 79% of the delays, so that the large majority of aircraft encountered some
terminal delay. Despite the limited validity of the simulation as an approxi-
mation to the real situation, the indication of these results that the major

bottleneck is the terminal seems convincingly strong.
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2.6 Fiforts to Improve Terminal Operation

2.6.1 Radar

The single, most effective measure that has been taken in recent
years to improve erminal capacity has been the installation of surveillance
radars at all major terminals. This program is being extended to include the
smaller airports. Radar beacon transceivers are being installed at a nuisber
of the radars to provide positive identification and echo enhancement of beacon
equipped aircraft [37]; unfortunately, very few aircraft -- primarily airliners --

are equipped with beacons to provide a return sigral.

2.6.2 Data Processing Central Equipraent

The major development effort being sponsored by the Bureau of
Research and Development of the FAA is the Data Processing Central (DPC)
equipment being developed by the General Precision Laboratory. According
io the FAA:

The keystone effort in the initial program to modernize air

trafiic control is the data processing central project. Its

purpose is to provide for the development of ~ semi-

autornatic air traffic control data processing and display

system to replace the existing manual system in all major

high density areas of the nation's airways. . . Delivery
of these equipments will start in May of 1959. [19, p.1.]

This program has already slippel « vear so that testing of the first model is
not expected to start until some time ir the spring or summes of 1960. The
DPC equipment is essentially a mechanization of the present ATC system,

in which the flight strips will be autematically computed and up-dated as an
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aircraft's ETA's at its fixes change. Thus, the controllers' werkload will
probably decrease as they are relieved of much of the routine connected with
the control of aircraf*, and it might be possible to control the present volume
of traffic with fewer controllers., But it is important to note that this equip-
ment will change oniy the data processing techniques, and that all the present
control procedures and sepaiaticn stzndirds will be retained. Since system
capacity is limited by these rather than by the speed of the data processing.
the capacity of the system will remain unchanged ev-~n after the DPC is
operational in about 1662-63, and the need for increased capacity will still

remain unsatisfied.

The specifications for the DPC include specifications for Transition
and Terminal Equipment [38]. This equipment will probably be the last to be
developed, and includes display consoles which will aid the terminal controller
in sequencing the landing aircraft and in maintaining appropriate sevaraticn
between successive aircraft. The system envisions track-while~scan or
rate-aided tracking (i.e., progression of the tracked blip between radar
scans) dis’ .ys which will enable the controller to order the aircraft such
that they arrive at the runway with a uniform spacing (aqual to the reciprocal

of the landing rate). The specifications state:

A standard time interval is desired between aircraft touching
down (except when positions in the landing sequence are left
open to permit take-offs). . . this will dictate some non-
uniformity in aircraft spacing at the gate, inasmuch as the
final approach speeds of all types of aircraft cannot be
identical. [38, p.8.]
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It is planned to assign tc uch aircraft a landing "slot” in one of the uniformly-
spaced intervals. Only a portion of the available slots will be assigned in
order to leave somc slots open for departing aircraft. But once an aircraft

is assigned a slot, il is expected to maintain that slot or to take a wave-off,

The specifications state:

Should the slot ahead or behind this aircraft's assignment
be vacant, either because of being reserved for a take -off
or because there was no traffic to fill it, this aircraft will
be allowed to move up or fall back in the sequence if it
encounters any difficulty in maintaining the progress
required to stay with the slot originally assigned it. Fur-
thermore, should an aircraft making a direct approach be
unable to stay with its assigned slot, and the slot into
which it intrudes has been assigned to an aircraft making
an approach from the opposite direction, so that this
second aircraft must follow a "trombone, " then these two
aircraft may possibly be interchanged, with the length of
the "trorabone'' being adjusted to compensate for this
change. Except for these cases, an aircraft that deviates
from its scheduled progress to such a degree that its
separation from the aircraft in the adjoining slot is

below standard will be removed from its assigned posi-
tions and re-introduced into the larnding sequence at a
later point. [38, pp. 8, 9.]

The specifications call for equirment designed to 'permit sus-
tained arrival and departure rates as high as'" 60 arrivals per hour and 60
departures per hour at Idlewild, assuming "separate non-interiering run-

ways.' Otherwise, "the number of movements {arrivals plus departures)

shall be 50/hr." They do note that these arrival rates:

are not .ompatible with the present radar separation rules;
any relaxation in these rules required to achieve the landing
rates indicated will be the Government's responsibility.

(36, p. 16.]
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It appears probable that, when the slots become small enough to achieve the
desired landing rates of 60 per hour, the wide variability of aircratft per-
formance {particularly when a slow aircraft follows a fast one) will make
this modern-day Procrustes' bed have an excessive number of unnecessary
wave-offs, whick will further complicate the traffic situation in addition to

creating pilot resentment.

2.6.3 Landing Aids

Landing at an airport under z2ro-zero visibility and ceiling con-
ditions is today impossible. Based on the particular conditions of terrain and
landing aids at an airport, landing minimums are established, 200 feet ceiling
and 1/4 mile visibility representing 2 lower bound to these. More widespread
installation of ILS, the primary civil landing aid, will bring more airports
closer to these values. The lack of an ILS glide-path indication is partly

responsible for the crash of an Electra near LaGuardia in February, 1959.

Studies conducted by United Research, Inc., [39] have evaluated
the economic potential of a landing system that would permit landings in zero-
zero conditions. The studies, based on economic loss due to unreliability

nd insurance costs of property and personal damage, indicate that such a
system would quickly repay the instailation costs at most of the major air-
ports, particularly those in the north where weather frequently closes the

airport.




A number of development programs are currently under way to
provide this zero-zero capability [32]. Systems have been developed for the
military by Bell Aircraft and Autonetics to perform automatic landing, and
these, along with a British landing system (BLEU), are currently being
evaluated by the FAA to ascertain their adaptability to the present Common
System. For the more distant future, systems under development by Gifillan

and Airborne Instruments Laboratory are being investigated by the FAA.

Installation of zero-zero landing systemrs will significantly improve
the ability of the airports to handle traffic under extreme weather conditions.
Those systems which provide accurate range data on the landing aircraft may
also contribute to increasing airport capacity by permitting reduced separations
along the final approach path. But, when weather is above present iminimums,
only those systems that permit reduced separation will provide an increase in

capacity.

Installation of additional ILS equipment will provide no increase of
capacity on the runways currently provided with ILS -- those most frequently
used under instrument conditions -- but will increase the capacity of the air-
port when the wind requires use of the newly-instramented runways. A com-
mon technique for landing on an uninstrumented runway is to follow the
available ILS until the ground is visible. The pilot then maneuvers over the
field to line up visually with the runway he desires, and completes his landing
visually. 7T'hus, installation of the additional equipment avoids the need for

this extra time-consuming maneuver and can increase capacity.
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2. 6.4 Collicion Avoidance and Froximity Warning Equipment

The electronics industry has directed considerable effort at the
development of collision-avoidance equipment that can be carried by the air-
craft, thus making it free of any reliance on ground-based control. This
effert has included proximity-warning equipment, cooperative collision-

avoidance systems, and self-contained collision-avoidance systems.

A , roximity-warning device, such as ir‘rared detectors or radar,
indicates to the pilot the existence and possibly range and/or bearing »f all
other aircraft within the de‘ection range of the equipment. Such a device is
the easiest to build, but there is some question whether it provides sufficient
information to avoid an impending collision, and it requires a set of well-
defined ''rules of the road" to be effective [40, p. 50]. In the terminal area
particularly, the device has limited merit, since the alarm would be ringing

constantly, and might thus be completely ignored.

A cooperative collision-avoidance system combines electromug-
netic emanations from two aircraft to provide, to each of them, a signal of
the other's presence and position. (An aircraft equipped with only a trans-
mitter could inform other aircraft of its presence, but it would receive no
information on the presence or position of the others.) Since such equipment
is likely to be expensive znd heavy, its installation would probably be limited
to the larger aircraft -- primarily the airliners -~- which often fly IFR to pro-
tect against each other, and need the protection primarily against the smaller

and the faster aircraft.
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A self-contained collision-avoidance system represents the ulti-
mate in protection for the aircraft carrying it. It would indicate to the pilot
(or directly to the autopilot) the optimum path for an aircraft to fly to avoid
an impending collision. The equipment would thus require no assistance from
other aircraft or from the ground control system, and would presumably indi-
cate a maneuver only when one is necessary. Efforts at developing such a
device, however, have met with little success. Some of the problems involve
sperification of whether a collision course exists when two aircraft are on
non-linear courses, computation of an optimum avoidance maneuver that does
not create a collision situation with another aircraft, and attainirg sufficient
precision to minimize the false-alar.n rate. The last problem is particularly
pertinent in the terminal area, where many aircraft are crowded into a small

volume of airspace.

Developmeant of effective airborne devices to permit collision -
avoidance by the pilot without reliance on ground facilities appears unlikely
in the near future, so that primary -- if not 211 -- reliance will continue to
rest on the ground facilities in IFR weather. Many of the aircraft that fly by
VFR -- especially the light private aircraft -- would be the last to install
collision-avoidance devices, so that the developmen! will prcbably not even

affect them.
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2.6.5 High-Speed Turnoffs

A major program aimed at increasing terminal capacity is the
installation of high-speed runway turnoffs. With such a turnoff on a runway,
the pilot need not slow to essentially zero speed before he leaves the runway,
but rathewr, can leave it while myving as fast as 60 knots, and thus appreciably
reduce his runway-occupancy time. Installation of these turnoffs has long been
promoted, and in a paper giveu in 1954 by the Chairman of the Port of New

York Authority, the prevailing concept of their merit was indicated:

CAA simulation studies show that use of high-speed
turnoffs at [30 miles per hour] can reduce runway
occupancy time to little more than half the present
values. The corresponding increase ir landing rate
is obvious. [41, p. 3.]

Also, in a “ecent FAA training manual, it is stated that:

The installation of high-speed turnoffs will prove to

be an important factor in the expeditious bandling of

arriving traffic. [42, p. 11.36.5.]

It appears quite clear tha. the high-speed turnoffs will appreciably
reduce runway-occupancy times, and, since VFR landing rate is essentially a
function of occupancy time, can increase the VFR landing rate. But the more
serious problem is generally the landing rate during IFR conditions, and it
is not at all clear that the turnoffs will improve operations under those con-

ditions.
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As will be shown 1n the next chapter, landing rate is far more
sensitive to radar separation standards, and is little affected by even major
reductions in runway occupancy time as long as present radar separations are
maintained. The reduced runway-occupancy time resulting from the high-
speed turnoffs will prove to be of advantage, however, in improving operations
rate, as will be shown in Chapter 4, by permitting more frequent interpositions

of take-offs ktetween landings.

2.6.€ Additional Construction

Since it is recognized that the present capacity of the ma jor
terminals is inadequate to meet future demand, the obvious means of increas-
ing capacity by providing additional runway is being actively pursued. Some
airports (e.g , LaGuardia and Los Angeles) are expanding their present
facilities. But, since land in the vicinity of most major airports is now pro-
hibitively expensive hecause of the encroachment of industry around the air-
port, additional airports are being built. The Dulles Airport near Washington
will soon begin operation, and the Part of New York Authority plans to buiid
one in New Jersey at a cost of $220, 000, 000. In viaw of the expense of such
expansion, it would appear to be desirable to raisc the capacity of existing

facilities to the maximum attainable.

The remainder of this study is directed at the guestion of airport
capacity. it is evident {rom the preceding discussion that capacity is a seri-

ous problem at all major airports, and will become more serious at the
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smaller ones. The capacity is now generally sufficient during VFR operation
because of the close spacing possible under such operation, but is insufficient
during IFR operation, when the pilot-imposed separations are replaced by the
more conservative ANC or radar separations. The situation is most critical
during pericds when the weather is changing from VFR to IFP, and the sky is
occupied by the many more aircraft characteristic of VFR conditions. The
investigations conducted here are concerned first with the questions of landing
capacity of a single runway, and then wit. the operations capacity of a single
runway when that runway is used for both landings and take-offs. The resalts
of the study perwnit the potential capacity t. be 2stimated for any airport for
che conditions characteristic of that airport. This estimate will oxrdinarily
tend to be high, since the analyses assume that controllers operate to separa-
tion standards, whereas, in practice, they generally err conservatively. A
more important use of the results of the study is in an investigation of the
effect of the various par: neters on capacity measures in order to indicate

how best to improve the capacity.
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CHAPTER 3

ANALYSIS OF THE LANDING CAPACITY OF A RUNWAY

In this chapter, the landing capacity of a single runway used only
for landing is analyzed. This problem has practical significarce, since run-
ways are often used only for landing, but serves also as a first step in the
larger investigation of the operations capacity of a runway used for landings
and take-offs, and of the still larger preblem of multiple runways used simul-
taneously. Models are developed to study the effect of the varicus system
parameters on landing capacity and some recommendations for improving

capacity are derived from use of these models.

3.1 Previous Investigations of the Landing Problem

Most of the analytical research into the problem of landing air-
craft has been directed at the estimation of delay measures and queue state
probabilities using queuing models with assumed service-time distributions --
usually constant -- and Poisson arrival distributions. In contrast to these
studies of delay for specified service rate, little analysis has been directed
at estimating this service rate or to examine the effect of system param-
eters on it; landing capacity has been studied analytically only with a model

based on discrete aircraft velocities.

50
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In addition to the analytical stud es, extensive simulation experi-
ments -- primarily in real time using human operators -- have been con-
ducted by Faderal ATC agencies. Effort is currently being directed at
development of fast-time simnulation of the landing process on large digital

computers.

3.1.1 Analytical Studies

One of the earliest analytical investigations of the landing prob-
lem was the queuing study reported by Bowen and Pearcey [43] in 1948, the
mathematical details of which were presented by Pearcey [44). They
assumed that aircraft arrive at a single runway with a Poisson distribution
{and justify this assumption with data from the Kingsford-Smith Airport in
Sydney) and that successive aircraft must maintain a fixed time s« paration
(to). They considered both continuous control (so that two aircraft arriving
closer than to land with a separation exactly equal to to) and quantized con-
trol (so that, if two aircraft require additional separation, then the second
is held only an integral number of nolding times). They developed delay
distributions and showed that the fraction of aircraft delayed is equal to the
runway utilization (P: arrival rate/service rate) and that the mean delay
is /02/2 (1 -~), a result which had bee-. obtained previously by queuing

theorists.

Bell {45] reported on some observations of traffic operation in
the vicinity of London and Northolt airports in England and on the results ol

some theoretical queuing studies similar to those of Bowen and Pearcey.
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He summarized measurements of pre-take-off warm-up times, landing
times, runway-occupancy times, delay times, taxi speeds, comimunication
times, accuracy in estimation of ETA's, navigation accuracy, height-keeping
accuracy, and geographical density of flying. These measurements pertain
largely to the particular London situation and the aircraft and navigational
equipment then available, and are of little vaiue for extrapolation to current

operation. In discussing his theoretical studies, he noted that arrivals are:

not necessarily Pcisson, although ovservations at Londoa
and Northolt Airports and at Kingsford Smith Airport,
Australia show that it is in fact nearly so. [45, p. 971.]

Regarding the service time of the runway, he stated that:

For the purpose of analysis, and considering runway con-
gestion, it must be assumed that an arriving or departing
aircraft occupies the runway for some definite and constant
time, called for convenience the '"holding time.' Actually
we know from Figures 1 - 3 that this assumption is not
strictly valid, and it has been established that the holding
times, in fact, have a distribution to which a Pearson type
III curve can usuall- be fitted. [45, p. 971.]

Bell stated that the mathematics becomes '"intractible'" with a Pearson type
III distribution*, so that he developed his theory based on a constant holding
time anaan arbitrarvarrival distribution specified by a set of probabilities,
{ai} , that i aircraft arrive in a unit holding time. He illustrated his model

by computing delay and queue measures for the Poisson arrival distribution

and the constant hclding time.

The Pearson type III distribution is a version of the k-Erlang distribution,
which is treated extensively in the recent queuing literature.




Bell also investigated the effect of orderly scheduling of arrivals
(with variability in the arrival time about the scheduled time) and found that
scheduling serves primarily to redce the probability of long queuss aund long
delays, but has little effect on mean delays until very precise scheduling is

ach eved.

Pollaczek has used integral equation techniques to develop the
distribution of discrete delays to aircraft arriving at an s-runway airport
with a Poissor arrival distribution and 'anding with constant and equal landing
times [47] or with landing times having an arbitrary distribution [48]. He
assumed, in these papers, that every sth arrival lands on the same runway;
in a later paper { :9], he developed the equations for aircraft landing in the

order of their arrival at the airport.

Galliher and Wheeler [50] demonstrated a means of simulating
Poisson arrivals with a time-varyiag parameter, also using a constant
holding time. They assumed that the time variation of the arrival rate is
discrete, so that the prccess consists of a sequence of intervals each of
which is equal to the service time and is characterized by a constant Poisson
input. The intervals can be treated in succession, using the output state of

one as the input state of the next.

In addition to the above queuing studies directed specificaliy at
the airport problem, the large body of literature on gueuing theory is

available for determination of delay characteristics.
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In his resume of queuing theory [51], Saaty points out that:

the time required to land (holding time) will be constant

for a given type of airc:aft, but if many different types

are stacked, waiting to land, the landing time may be

exponential. [51, p. 162.]
He thus expresses a hope more than an actuality, since queuing theory
analysis is far more difficult unless one of his service-time conditions is
met. But, in view of the narrow rarge within which delay vaiies with the
form of the service-time distribution, the actual form of the distributions
is relatively unimportant for Poisson arrivals and a fixed mean service

time, and the value of this mean service time is the important considera-

tion.

Analytical models of runway landing capacity have recently been
formulated at the University of California by Horonjeff et al.[52] for the pur-
pose of optimizing the location of high-spe :d runway turnoffs to maximize
landing rate. Their models consider aircraft arriving at the runway with a
constant separation (one model considers the time separation constant while
another considers the distance separation constant) dictated by a specified
arrival rate. They treat runway-occupancy time as a chance variable, and
indicate its effect on landing rate by causing an arrival to be waved off if the
preceding arrival is still on the runway when it is ready to land, thereby
decreasing the runway acceptance rate below tue arrival rate. Turnoff
locations that minimize the runway-occupancy time thus serve to maximize

the landing rate by minimizing the wave-off rate. Since the models assume




constant separation at the runway, events along the common landing path are
not considered. These events, however, create a separation that {s not con-
stant, since a slow aircraft following a fast one will generally land with a
separation graater than in the reverse situation because of the minimum
separation required at the beginning of the common path., The results of the
California study indicate that the optimum location depends strongly on the
runway-occupancy characteristics of the aircraft using the runway, and on

the number of turnoffs provided,

Additional analytical investigations are currently being conducted
by Jackson, Ottison, and Pardee of Thompson-Ramo-Wooldridge under
Project Radir [53]. Their investigations involve an extension of the work
reported in this chapter, primarily by the inclusion of controller error in
gate separation (oo). Results from this investigation have not yet been

published.

3.1.2 Simulation Inveltmtionl

Adler and Fricker [54] investigated queuing delays by simulating
several aircraft arrival distributions and assuming a constant landing time.
They simulated three bounded distributions -- rectangular, triangular, and
parabolic -- of enroute delay imposed upon scheduled uniformly-spaced
arrival times, primarily to investigate various techniques for effecting

enroute flow control of arrivals at the airport.
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Extensive simulation studies of the landing problem have been
conducted jointly by the former CAA Technical Deveiopment Center (TDC)
and the Franklin Institute Laboratories (FIL). These studies included
deterministic models, graphical Monte Carlo models, and real-time simu-
lated experiments. In each case, a sample traffic sequence was generated
with the use of random-number tables based on probabilities of arrival of
three speed classes (slow, medium, fast), an assumed Poisson arrival dis-
tribution, and a distribution of direction of arrival. Three traffic samples

were thus generated [55].

The paper studies were extensions of work reported by Philpott
[56], which used now-standard Monte Carlo procedures for sampling from a
distribution to select an aircraft's time in the various phases of the landing
operation. Approach speed, on-runway deceleration rates, and taxi speeds
are sampled from independent normal distributions defined for each of three

aircraft types.

For each of the nine possible aircraft type pairs, a procedure is
described for establishing separations prior to landing. Given an aircraft
landing-time distribution, a 'tolerance band" of T% (arbitrarily selected)
about the mean landing time is determined such that T% of the distribution
iies within this band. Separation betwee. successive aircraft at the entrance
to the common path is then selected so that no separation violations occur if

both aircraft remain within the tolerance band. [Unfortunately, since he uses
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a two-stage division of the landing process (gate to wave-off point, and wave-
off point to runway exit) and uses the tolerance bands in both phases, T is

not usable in a probability statement, and generally has little physical signmif-
icance.] The separation required at the gate between any pair of aircraft
types (speed class) is such that, for the assumed value of T, the first aircraft
at the slow end ot its tolerance band will not conflict with the second aircraft
at the fast end of its tolerance band. Having established these c.-iteria, a
sequence of landings is then generated. The namber of wave-offs that occur
because an circraft was outside the tolecance band is then Aciermined by
selecting a random number for each aircraft; T% arrive within the tolerance

band, [(100 -~ T) /2] % arrive early, and [ (100 - T) /2] % arrive late.

Philpott illustrated the method for the 0% tolerance band, so he
indicates only the effect of sequences of successive late and early arrivals,
where the wave-off requirement is cbvious. For T > 0, a sequence in which

one of the pair is on time would presumably not result in any wave-offs.

Philpott presents the results of the computation for the range of
tolerance bands, and rotes that, as T decreases, the aircraft are spaced at
closer separation, but result in a larger percentage of wave-offs because of
variation in aircraft performance; as T increases, the separation required
is larger and fewer wave-offs result. The value of T that gives the maxi-

mum acceptance rate is then used.
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The paper has a number of tachnical errors (e.g., a strange dis-
crete approximation to the normal distribution, incorrect compounding of
distributions) and suffers from incomplete description. The independent
norrnal distributions for times in successive phases of the landing might
better have been correlated. The requirement for choosing & T value, with
no physical meaning to the quantity, leaves much to be: desired in the method,
as does the associated method for determining separation, which has little
relation to the system operation. Despite these sl srtcomings, the paper was
valuable, since it was the first step in the development of a theoretical means
of estimating runway capacities, and provided the starting point for the

TDC-FIL studies.

The team of investigators at FIL and TDJC built on Philpott's
methods, and investigated a number of important questions with their simula-
tion facility ([55], {57], [58]). Realizing that wave-offs were an infrequent
occurrence, they designed a method that would provide the initial separation
they desired without invoking Philpott's tolerance bands. Based on assumed
truncated (at + 2.5 ) normal distributions of aircraft velocity in each type
class, separations are provided so that a wave-off probability of less than 1%
exists. It is not indicated how this is determined, but it appears to be by the
empirical cut-and-try method. This separation is added to that required to
maintain a minimum glide-slope separation along the entire common path.

It is never stated explicitly, but it appears that mean landing interval is
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determined from. XZ:T_' Fi}: Tij Pipj where le is the time between landings
when an aircraft type i is at the gate and an aircraft of type j is at the
appropriately-selected separation, and both aircraft ily with the velocity

cha racteristic of their class. The values P, and pj represent the frequency
with which aircraft of that type (three iypes are considered) appear at the

runway.

Other than the above analytical compuytation, the remainder of the
studies are simulation efforts. Two simulation tcchniques are discussed -~
"'graphical" and '"dynamic." A special case of the graphical is the "ideal, "
in which many details of terminal operation (e.g., aititude changes) are
ignored to reduce the complexity of the problem. It was noted ix most of the
comparisons of the graphical and ideal methods that the results by the two
methods were very similar, so that the additional complexity was generally
superfluous. In the graphical method, aircraft motion is depicted on a
distance-time coordinate system.* Using a sample of successive arriving
aircraft generated on the basis of traffic statistics, the path of each aircraft
is plotted on the distance-time plot. For each aircraft, any potential con-
flicts with other aircraft are noted, and are r;esolved by appropriate delay
(i.e., a constant-distance line or a sinusoidal curve to represent a turn) to
the aircrasi’ with the later ETA. In this manner, appreciable detail of opera-
ting procedure can be expressed and many aspects of the ATC operation

investigated.

See Figure 4.2 for an illustration of such a figure.
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The "dynamic' simulation was a real-time simulation in which
the traffic sample served as a set of flight plans to be presented to trained
concrollers operating in their normal environmental situation, communi-
cating orders and clearances in the normal manner. The aircraft were
represented by human "pilots" operating controls on analogue computing
equipment into which they insert airspeed, rates of turn, climb, or descent,
turn orders, and other important aircraft characteristics. By presenting a
pre-determined traffic script, a reasonably realisi.c representation of the

actual operating system was available for observation.

Using their graphical and dynamic simulators, the FIL-TDC
. team investigated aircraft delay as a function of a number of combinations of
system parameters, They also investigated landing capacity as a function of
location of the entrance gate, and of two other factors which enter implicitly
through the initial gate separation: glide-slope wave-off minimum and
existence of speed control along the glide path. The existence of speed con-
trol is represented by a further truncation (at + 1.25 o~ ) of the normal dis-
tribution of velocities within aircraft classes; the velocity distribution and
wave-off minimum combine to produce the initial separation for the class

pair.

The simula‘‘on experiments produced many important conclu-

sions regarding terminal operation. These were summarized by Berkowitz,

Fritz, Grubmeyer, and Miller [59]. Among other things, they inferred a
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need fcr attaining closer separation on the landing glide path and advocated
the use of high-speed runway turnoifs to prevent runway wave-offs. These
were supplemented by recommendations regarding stack and airway config-
uration, communication facilities, radar operation and displays, controller

procedures and aid:, and navigaticnal facilities.

A fast-time digital simulation of the final approach to landing has
recently been developed by Rosenshine and Rosenbaum [60] 2t Cornell
Aeronautical Laboratory. Their simulation, an extension of the Monte Carlo
model of the Ground Controlled Approach described by Blumstein [61], con-
siders aircraft released from the common-path gate at either pre-assigued
separation times or at times that just satisfy the separation requirements
and provides landing rates and separation distributions along the common

path. Only preliminary results have been generated with this model.

The simulation efforts, especially of 3erkowitz et al. ,contributed
significantly to the body of techniques for examining air traffic problems
without the necessity of performing expensive aircraft operation. With
simulation it became possible to examine, in extensive detail, many of the

characteristics of an ATC situation with varying degrees of realism.

As has been shown in many {ields, it is desirable to be able to
investigate systems problems by analysis as well as by simulation. Simula-

tions, while capable of far greater realism than any analytical approaches,
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have the disadvantage that they are only samplings from an actual operation,
so that there is a finite probability, albeit arbitrarily small, that they will
produce erroneous results. In general, in a simulation, many extensive
runs must be performed in order to get statistically reliable results. Per-
forming simulation, while far cheaper ihan actual physical experimentation,
still requires tedious computation by a number of people in the paper (or
"graphical") simulation and expensive machine programming and runring in
th2 digital simulation. The '"dynamic" or real-time simulation requires
expensive installations and many human operators to perform the roles in
the simulated operation as well as to monitor, record, and analyze the out-

put data,

Analytical formulations, on the other hand, while requiring more
extensive simplification than simulation, permit the investigation of a large
number of combinations of system configuration inexpensively and with a min-
imum of effort. The structure of the analytical formulation often provides
valuable insight into the operation of the system, and provides a means for

efficiently searching for an optimum system configuration.

The desirability of an analytical model was pointed out in the

preface to a report on a symposium on Monte Carlo methods [66]:

More than one user of [Monte Carlo] techniques has
remarked that enough insight of the ohysical prccess
was attained in a Monte Carlo study so that a workable
analytical model could be constructed. Such ouicomes
give rise to the observation that good Monte Carlo is
self-liquidating. [66, pp. viii-ix.]
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The remainder of this chapter is devoted to the investigation of
analytical models of runway landing capacity, and to an analysis of the

results and consequent implications for system operation developed with

these models.

3.2 An Analytical Model of Runway Landing Capacity

In this model, aircraft are considered passing through an
imaginary gate in space and following a common glide path to the runway.
To prevent collision between successive aircraft, a minimum distance sepa-
ration dictated by maximum position uncertainty ind by control system
reaction times is required at the gate, and a minimum time separation
dictated by maximum runway-occupancy time is required at the runway.

The distance between the gate and the runway is dictated by the location of

radio aids and by the distance an aircraft requires to stabilize on the final

approach path.

3.2.1 Assumptions

The following assumbptions are made in the analysis:

1. Aircraft arrive at the gate independently and in random

sequence.

2. Aircraft land in the order in which they arrive at the
entry gate (i.e., first-coma-first-served, and no air-

craft may be passed after it has crossed the gate).
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3. Aircrait must maintain a minimum distance separation (so)

at the gate and a minimum time separation (to) at the runway.

4. Aircraft maintain constant velocity from the time they enter

the gate until they reach the end of the runway.

5. Aircraft are available to be landed as close to each other as
separation standards permit, (i.e., the capacity situation

is examined).

Figure 3.1 illustrates the probie- situation for two aircraft, A1

and AZ' Aircraft A , with velocity V., has just entered the gate, located a

1’ 1’

distance m from the end of the runway. At the same time, aircraft AZ is
located a distance s, {the minimum separation required at the gate) behind
the gate and a distance

n=m+ & (3.1)
o

from the end of the runway. The time between landing of A1 and A2 must

exceed a minimum landing separation time to’ sufficient to insure that A1 is

off the runway when A2 lands.

3.2.2 Notation

We summarize here the notation which will be used in the model.
In general, chance variables are represerted by capital Romen letters, and

their mean values by corresponding Greek letters. A subscript "o is usasd
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to denote a value set by procedural standards. The important notation is

defined below:

V1’ V2

<
"

the chance variable velocities of successive landing aircraft,

A2 (the aircraft with VZ) following Al
m‘nimum of the landing-velocity distribution
maximum of the landing-velocity distribution
mean of the landing-velocity distr-bution
range of the landing-velocity distribution

minimum space separation required at the entrance to the

common landing path

distance from the entry gate to the approach end of the

runway

m + s = distaace of A2 from the runway when Al is at the

eatry gate

minimum time separation between successive iunding air-

craft required at the runway
landing-time distribution function = Pr {TM >t

a chance variable with mean T, representing the time

interval betw=en successive iandings

1/ Z}.A = landing capacity




2.2.3 General Formulation

There is a function of V,, v (V). such that, if V, = v (v,)

during the course of the landing, the original separation of S is altered so
that the separation a2t landing ic exactly to IV, > v (Vl)’ the time

separation at landing would be less than to if A, were allowed to proceed

2

freely. To avoid this condition, A, is assumed to be held at the gate for a

2

%
time sufficient to permit a landing separation of exactly to . If V2 <V (Vl),

the separation at landing is greater than to’ and .s dictated by the original

positions, m and n, and the aircraft velocities.

For any combination of velocities, V1 and VZ’ the time separation

between landings, T is given by:

AN’

n m *
{ = — - .
T ‘vl, Vz) vz V1 for v2 <V (Vl) (3.2)
=t for V. > V' (V
=t or Vv, > { l)

The function V is determined from {3.2) to be:

1'1V1

=
Vo)) = V,t +m
[e]

(3.3)

The velocities cf the landing aircraft are random variables, with a joint

frequency distribution f (VI’ Vz). For any specified m, so,and to the

b

average time interval between successive landings, Z:\A’ is given by:

T . { .
AA TAA (Vl, VZ) f (Vl, Vz) dV1 dV2 (3. 4)
VZ vl
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3.2.3.1 Discrete Velocity Distribution

‘The aircraft velocity distribution could be represented by a dis-
crete distribution based on the assumption that all aircraft of the same type
fly with identical speed, and that velocity differences arise from the arrival
of different aircraft types. The integration of equation (3. 4) is then replaced
by a summation. Denoting the relative frequency with which aircraft of
velocity Vi appear at the runway by P, (i=1, 2, ..., N), and with assump-

tion (1) above, f (Vi’ Vj) = p; pj . Then, the landing time, I‘AAij, can be
determined from equation (3.2), and the average landing time for the runway

is given by:

- N N

= (3.

AA 2 Taa PP (3.5)
j=1 i=1 .

3.2.3.2 Uniform Velocity Distribution

Since aircraft do not fly at discrete speeds, particularly in the
presence of varying wind conditions, it would be desirable to represent the
velocity distribution by a continuous one. Furthermore, it is desirable for
analytical purposes to be able to characterize the velocity distribution by a
small number of parameters, anad this is difficult with the particular dis-
crete distributions characteristic of particular airports. Thus, the uniform
distribution, selected because of its analytica® convenience and berause it is
a bounded distribution, is first investigated as a representation of the air-

craft velocity aistribution.
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It is now assumed that aircraft velocities are uniformly distri-
buted over the continucus interval [a, b]. Since aircraft are assumed to

arrive at the gate independently and in random sequence,

1
= ) ; < (3.6
f(Vl,Vz) > fhraivlib,aivz_b ( }
(b-aj
(a # b)
= 0 otherwise
The mean landing time, ,LZA’ is computed by substi. ting equa-

tions (3.2) and (3. 6) into (3. 4), and integrating over the appropriate limits.

%
The limits are defined by the location of the V2 =V (Vl) line, which, as can
be seen from equation (3.3), has positive slope, co that all the possible cases

are covered in Figure 3. 2.

The most common situation is Case A, where V* (a) < b+ and
Sy > bto . The first inequality implies that some aircraft land with separa-
tion to; the second expresses a common requirement wherein the separation
distance imposed on ar. airplane of velocity V at the runway (V to < bto) is
z2lways less than that imposed at the gate (so), and is seen from equation
(3. 3) to be equivalent to requiring that there be a ¢ < b such that V* (c) = b.
In Case B, the gate separation is larger than the runway separation for
small V1 and smaller for large VI' The cross-over point is V*(Ve) = Vc,
orV, = so/to; hence, th2 condition ato_<_ o < bto. Case C represents the
condition where the gate separation is always less than the runway separa-

s

tion, and is given by the condition that ’\/='~ (a) < a; from equation (3. 3}, this
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is seen to be equivalent to requiring s° < ato. [Because of this condition,
- v . - N * +
and since a < b, it is seen that another possible V curve (extending from

V2 = a to VZ = b) cannot occur.] Case D represents the condition where

sk
TAA > to for all (Vl’ Vz), so that V (a) > b. In Case E, runway separa-

tion alone dictates landing interval, and T =t .
on n g ’ AA o

Development cof Tz for the various cases is presented in

Appendix A. The resulting express.on for Cases A, B, or C is given by:

(b-a)% ’C;A (x, y) = (nx+mb) log_ (x/b) (3.7)

+

(ma + nb) loge b-n(-vy) loge a

(ny + ma) loge y+(x-y) n loge n

n(x - vy) bto(x-a)-ato(y-a)

-+

(n/to) [m+y to) loge (m+y to)

1
(m+xt°) loge (m+xt°) ]

where the arguments x and y are given by:

»
]

Min zb, c}

<
n

Max za, d}
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where ¢ and d are given by:
mb * .
e v from V (c) = bin Case A
o
-
d=—22_ fromV (d) = ainCaseC
n - at
For Case D,
o . b
AA - b-a %8, 3
In Case E,

T, =t

AA ¢}

3.2.4 Modei When Gate Separation Maintained Along Glide Path

The radar separation standards nominally require that air-
craft maintain their initial separation (so) along the entire glide path. In
the model formulated, however, it was assumed that an initial separation
at the gate cold be reduced as long as runway separation (to) is main-
tained. This assumption was made to express the interaction between
runway and gate separations, and was based on discussion with control-
lers who indicated that they would not generally interfere with » situation
in which space separations were being violated, but where it was clear

that runway separation would be maintained.
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Landing capacity under the mlternate assumption that s, is the
required separation along the entire glide path can easily be calculated. In
that situation, if s, > bt° and glide-path separation always exceeds runway

separation, T is given by:

AA
= i >
TAA so/VZ if V2 > V1
= n/Vz-m/V1 1fV2 < V1
T . .
A p 1S then given by
b b b V1
2 & _ [ o n m ,
(b - a) AA-/ dv1 / _Vz .1v2+/ dvl/ (Vz -Vl) d\z
a V1 a a

which, whean integrated, gives:

® -2 T,

b
AA:[b(sc‘-km)-a(so-m)] loge ;—Zm(b-a)

3.3 Results of the Landing Capacity Analysis

Landing capacity (A = 1/ Z.;A) was calculated for several values
of S to’ arnd m for the two velccity distributions. Landing rates with the
continuous distribution were computed for a wide range of values of V and
R. Landing rates with the discrete distribution were calculated for the
specific traffic mixes at the three major New York area airports (Idlewild,

LaGuardia, and Newark).
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3.3.1 landing Capacity with the Discrete Velocity Distribution

In measuring landing capacity at 2 particular terminal, tae
relative frequency with which the terminal is used by each of the three
major classes of aircraft {air carrier, military, and general aviation)

was first determined from CAA data [62].

The military traffic constitutes iess than 2% of the volume at each
of the terminals, and is neglected. General aviation accounts for less than
10% of the operations at all terminals except LaGuardia, where it is 19%. Due
to lack of specific detailed information, the general aviation component was
arbitrarily assumed tobe represented by an Aero Commander class anc by a
Learstar class aircraft, each arriving with equal probability*. The April,
1959 Airline Guide [63] provided the distribution of air-carrier types for the
terminals. Typical constant approach speeds were assigned to each aircraft
type based on available data [64]. The resulting landing speed distributions

for the three terminals are shown in Table 3.1 and plotted in Figure 3.3.

Landing capacity ( A ) is plotted in Figure 3.4 as a function of
gate separation lso) for the discrete velocity distributions characteristic of

¥k
Idlewiid and LaGuardia . The curves are plotted for three values of m

&
Since general aviation constitutes a relatively minor portion of the
traffic load at these terminals, particularly in IFR conditions, the
results are essentially insensitive to the above assumption.

ek

The results for LaGuardia and Newark are essentially identical, so
that only LaGuardia is explicitly discussed.
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(4. 7, and 10 miles) and two values of to {1 minute, shown dotted, and 1/2
minute, shown solid). In the particular case most typical of current IR
opzration (so = 3 miles, t, = 1 minute, m = 10 miles), a landing rate of
about 38 per hour is predictecd for Idlewild and 33 for LaGuardia, values
consistent with experience. The difference between the terminals results
primarily from the higher average approach speed at Idlewild (130 knots)

in comparison to LaGuardia (117 knots).

The strong influence of s, on landing rate is clearly shown by
the figures. Gate location (im) has an effect of less than 20% over the range
considered. When S, is 3 miles, a change in to from 1 minute to 1/2
minute has a negligible effect on landing rate, and t affects A by only about
:9-20% even when So is reduced to 2 miles. Only if it were possible to
reduce so close to 1 mile would a reduction of to from 1 minute to 1/2 minute
have a significant effect on landing rate, and the effect would be greater at
Idlewild where the faster aircraft could take greater advantage of the reduc-
tion. But a major improvement in current operatior. evidently requires first

a reduction in s .
o

3.3.2 Landing Capacity with the Uniform Distribution

The landing capacity is examined under the assumption that the

landing velocity is distributed uniformly over [a, b], with mean velocity

V =(b+a)/2and range R = b - 1.
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Figure 3.5 depicts Aas a function of gaete location for two average
approach speeds, 110 and 130 knots. The three groups of curves on each
graph represent three S, values; the curves within a group correspond to

changes in to (to = 1 minute is shown dotted) and in R.

Comparing the two graphs, it is noted that increasing V results
in a higher landing rate, primarily because of the shorter time required to
close the o separation. In other respects, the graphs depi:t similar

relationships.

Examining the graph for V= 110, it is noted that A varies widely,
ranging from 55 to 25 landings per hour over the range of parameter values
considered. The top group of curves represents perhaps an ultimate achieve-
ment in separation standards ~- 2 miles at the gate and 1/2 minute at the run-
way. In this case, the landing capacity is 55 landings per hour if m = 0, i.e.,
the gate is at the runway; these results contrast sharply with the potential of

120 landings per hour based on runway separation alone.

The landing capacity drons as the gate is displaced from the run-
way. The decrease depends critically on the velocity range. It is largest
when there is a large spread in aircraft velocity, dropping 22% to a landing
rate of 42 per hour if the gate is at ten miles and aircraft velocities are dis-
tributed ove- the 80-140 knot range. However, if a velocity range of only
100-120 knots can be achieved, by speed control or by segregaticn, the

landing rate is 2ffectively maintained for all gate locations to ten miles.
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The remainder :f the graph presents the landing capacity attain-
abie with a gate separation of 3 and 4 miles, and with to valves of 1/2 and 1
minute. For these larger values of S the effect of to is negligible: landing
rate is increased by no more than 2 landings per hour when tO is reduced
from 1 minute to 1/2 minute. Clearly, in this range, the most significant

parameter is so.

It can be seen from Figure 3.5 that, if the S, separation is {ixed,
a high landing rate may be maint.ined by reduci.g the spread of velocities of
the aircraft arriving at a single runway (for example, by assign-.ent of air-
craft to different runways based on their performance) or by locating the
gate close to the runway (i.e., shortening the common glide path) and that
either approach, by itself serves the purpose. This results from the fact
that while an increase in either parameter tends to create greater opportun-
ities for long landing intervals, R by providing faster aircraft to be followed
by siower ones  and m by providing a longer opportunity for the interval
between a fast and a slow aircraft to open, each requires the environment

provided by the other to exert its influence.

This interaction between m and R is illustrated more explicitly
in the ""carpet plot" of Figuie 3.6. When either m or R is small (the top
of th» figure), the landing capacity is about 35 landings per hour and is
essentially ind jsendent of the other. As both become larger, however, the

landing rate drops rapidly.
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The interaction between V, S and to is shown more explicitly
in Figure 3.7. which depicts the landing rate as a function of aircratt
velocity for the limiting case of R = 0. When s, = 3 or 4 miles, for no
velocity in the range of interest (90 - 150 knots) does a landing separation
(to) below one minute affect landing rates. It is only when the initial jate
separation (so) is cut below 2.5 miles that a decrease in landiag separation
below 1 minute provides any contribution, and then only at the extreme
velocities; a gate separation less than 1.25 miles is necessary to derive

any benefit from a reduction of to below 1/2 minute.

The effect of velocity distribution on landing rate is shocwn in
Figure 3.8. The landing rate is determined for typical parameters (s0 =3
miles, to = 1 minute, m = 6 and 10 miles) representing current IFR opera-
tion. The landing rate clearly increases with mean velocity (since less
time is required to close the initial S, separation) and decreases with

velecity range (since T is bounded by to from below, but by (n/a - m/b)

AA
from above, and a larger spread results in 2 higher upper bound), Com-
paring the two graphs, which differ in gate location (m), it is noted, as in

Figure 3. 6, that decreasing m irhibits the degradation in landing rate

caused by .elocity range.
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3.4 Effect of Velocity Distribution on Landing Capacity

To examine the sensitivity of landing capacity to velocity
distribution, mean landing rates computed for the New York terminals were
compared with those for the equivalent uniform distribution (i.e., one having
the same mean and variance) for several parametric combinations. This
comparison is presented in Table 3.2, and the results by the two methods
are seen to agree to well within 1.5% in all the cases. Basea on this evi-
dence, and on additional evidence presented in Appendix E for a larger
sample of velocity distributions with more recent data, it appears probable
that the uniform distribution satisfactorily represents the approach speed

distribution, at least for the determination of landing capacity.

3.5 Estimation of Landing Capacity of an Individual Airport

The general results based on the uniform distribution may be
ased to estimate the landing rate for any airport. It is first necessary to
estimate the mean (_\7) and standard deviation (o’v) of the approach speeds
for the aircraft mix at the terminal. Knowing the aircraft velocity and
frequency information for the airport {as in Table 3. 1), V and ﬂ; are

calculated from:

N N
2 ve i & 2 vip -@F (3. 8}
ifi’ A\ P i i s

i=1
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TABLE 3.2

COMPARISON OF LANDING RATES USING

DISCRETE AND EQUIVALENT UNIFORM DISTRIB GTIONS

Landing Rate

LaGuardia Idlewild
V =117 knots V = 130 knots
Parameters R = 52 knots R = 48 knots
m s t
o o
{(miles) | (miles) | {(min.) Discrete | Uniform || Discrete | Urniform
4 2 1/2 56.0 56.0 62.7 63.1
1 49.1 49.0 53.3 53.6
3 1/2 58.2 38.3 42,6 42,8
1 37.4 37.5 41,8 41.9
10 2 1/2 47.2 47.9 54.8 55.5
1 41.5 41.3 45.3 46.5
3 1/2 36.0 36.1 40.8 41,2
1 33.3 33.6 37.9 38.2
-




BN SRR

emes wwws BERW DAY DAL

————

v

88

where P. is the relative frequency with which aircraft with approach speed
i q Y
N

Vi appear, {i=1, 2, ..., N) expressed as a fraction such that E p, = 1.
i=1
The cquivalent velocity range for the uniform distributicn is determined from:

R:o/VVIZ. {3.9)

With this information, the average landing rate for the airport may then be
read from Figure 3.8 (or similar curves for other parameter values), using
V to specify the abscissa and R to interpolate bet-veen the lines of constant

range.

Since V is the more significant parameter, the calculation of
o’v may often be avoided by assuming R to be between 30 and 60 knots, a
range that probably holds for most major terminals. The landing rate can

then probably be estimated to within 10%.

The velocities used in the above analysis are qround speed
(equal to air speed in a condition of zers wind). In any computation of V,
only the zero-wind condition would be calculated, and the landing rate for
any particular wind velocity Vw may be found by entering Figure 3.8 with

(V - VW) in place of V.
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The model provides an estimate of the landing capacity when

the separation standards, s, and t are exactly maintained. Controllers

maintain them with error, however, which is usually biased toward greater
separation to insure safety, so that the capacity thus computed represents
a high estimate. A more conservative estimate using other typical s,

and to values can easily be computed.

3.6 Increasing Landing Capacity

The results of the anaiysis indicate a number of means of
improving the landing capacity of a runway by operating on the parame-
ters of the system. With gate separation (so) in excess of three miles as
at present, little can be gained by reducing runway separation (to) by
technigues such as high-speed turnoffs. Landing rate might be increased
by increasing mean landing speed (V), but V is dictated by the mix of
aircraft and pilot procedure, and ATC generally has little control over
either. It might be possible, however, to set a minimum landing speed

for the major runways.

If either the gate is close to the runway or a homogeneous
class of aircraft operate at the airport, reducing either m or R pro-
vides little advantage. If both are large, however, potential for improve-

ment exists, Gate location can be no closer than the distance corre-
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sponding to the minimum time required by pilots to stabilize their aircraft
on the final approach path. But since its location is often dictated by the
location of radio facilities (e.g., the outer niirker) rather than by a

mininrum path length, it can often be drawn closer to the runway.

While little can be done to alter the mix arriving at an airport,
some improvement might result from a reduction in the velocity range of
aircraft arriving at a particular runway achieved by segre_ tirg the air-
craft by speed class onto separate runways. Such an action at a large
airport would typically involve removal of the smaller aircraft from the
major runways, thereby reducing the demand on these runways, butalso
increasing their capacity to handle the larger aircraft which are limited
to the larger runways. The segregation procedures would, of course,
make these runways available to the smaller aircraft whenever no queue
of jarger aircraft is waiting, thus avoiding the incongruous and unintended
situaticn of a queue of smaller aivcraft waiting to use the minor runway
while the major one is unoccupied. A segregaiion decision would also
have to take into account the relative demand for the two classes of

service.

3.6.1 Reducing Gate Separation (so)

Since landing capacity is most seriously limited by tie present
gate separation of 3 miles, the most significant improvement could be

achieved by reducing s, The space separation must be large enough to
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compeunsate for the errors with which the aircraft's position and velocity are
known by the control s/stem and to allow sufficieant reaction time (recogni-
tion of a2 dangerous situation by the controller and relay of a control message

to one or both pilots) to correct an imminently dangerous situation.

If it is desired that aircraft shall never be permitted to come
closer to each other than some minimum distance, do’ then the minimum
separation between two aircraft (with velocities V, and Vz) which a con-

troller may tolerate is some larger value, Smin’ given by:

Smin=ER + (V2 'Vl) (Td+Tr)+do (3.10)
where: ER = radar error in locating one aircraft relative to
another
T qa = controller time delay, representing the time between

the existence of a separation of smin and the issuance

of a control order to one of the aircraft

1 = pilot-aircraft response time, representing the time
between receipt of a control order by a pilot and a
response by the aircraft correcting the hazardous

situation.

Thus if the error in estimating separation is E in the time (Td + Tr)

R’

between development of the situation and its correction, the separation will

have closed from Smin to do' A safety factor must then be imposed on
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this Sm'm to account for the variability of the terms in the equation, and to
make the probability of a violation of do sufficiently small. The distributions
of the chance variables in equation (3. 10) must be known in order to establish

a safety factor rationally,

Whatever safety factor is chosen, and whatever the distributions
of the variables in equation (3.10), the necessary separation depends on
the individual aircraft being separated; in particular, less separation is
required when a slow aircraft is behind a fast one than in the reverse situa-
tion. The present value of 3 miles was set about 10 years ago as an easy
value to use, and one that contains a sufficient margin ol safety so that it
would be satisfactory in all cases. When terminals were less congested
than they are today, this excessive caution was desirable. But with the
current congestion, it is important that the landing rate be increased, and

this can best be done by a reconsideration of the optimum value of S,°

Until computer aids become available, any rule must be opera-
tionally convenient to implement, It is possible to improve acceptance
rate by adopting a two-level rule on gate separation, e.g., let s, be the
separation if V, > V,, but use the separation so’ (where so’ < s ) if
VZ < V1 . The resulting landing interval, Z.AA,’ can be determined irom

equation (3. 4) by an appropriate change in the values of TAA .
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3.6.2 Sequencing of Landing Aircraft

It has been assumed in the analysis that aircraft are landed in
the random order in which they arrive. It is to be expected that any order-
ing of the landings with a view towards maximizing landing rate would
improve landing capacity. Such an improvement would, of course, come
at the expense of one of the most sacred of ATC principles -~ first-come-

first-served ~- and may thus be untenable from a practical standpoint.

A thorough investigation of sequencing doctrines would require
consideration of the statistics of arrival time intervals and sequences, which
is beyond the scope of this study. It is possible, however, to indicate some
vpper bounds on the benefits to be gained irom certain sequencing procedures
by assuming an infinite source of aircraft waiting to land and considering
that an aircraft optimally suited to the sequencing doctrine can be selected
whenever desired, while bearing in minu the requirements posed by distri-

bution of aircraft types.

It is convenient to refer first to the discreie model of aircraft
arrivals, in which it is considered that M different types of aircraft arrive
at the airport with landing velocity Vi (i=1, 2. ..., M) with relative
probabilities P, A commonly-suggested sequencing plan involves grouping
aircraft of like speeds, thus removing, to some extent, the effect of
velocity variation. A lending sequence based on this consideration would

involve k1 landings by aircraft with velocity 71, followed by k2 landings
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by aircraft with velocity Vz, and so on, followed finally by k, _landings by

M

aircraft with velncity V after which the sequence would begin again. The

M,
time between each pair of landings by aircraft of the same tyoe is given by
( . -

Max {-co; SO/Vi} , while the time between the last of type i and the first of

1" m.-’VJ . If tiie secuence is

type (i + 1) is given by Max {to; n/‘\/i +
cyclical (sothat M+ 1 =1), and k,l is made proportional to P; (i. e., k.1 = p.lN)
to satisfy aircraft availability considerations, then the time for one cycle of
he sequence of N landings is given by:
M M+l n m }
’(;: Z (piN-l) Max {to; solvi} + Z_—_ Max {to;—?: -v—i-;-‘
i=1 i=2
(3.11)
The first cum in equation (3.]1) represents the intra-type time,
and is a function only of the average length of the run* of identical-type
landings (which is N/M). The second sum represents the inter-type time,
and is a function only of the sequence ot types. It is thus noted that, for any
specified sequence of types, the average time per landing { ’(:/N) decreases
as N increases (since the first sum is proportional to N whereas the second
sum is fixed), implying that long runs of identical-type landings are desirable.
In the limit, the inter-type time becomes negligible, and the landing rate is

maximized for this sequencing rule. Such a result, while emphasizing the

%

Throughout this paper, ''run'" is used to mean an uninterrupted sequence
of similar events; aircraft on a runway perform a landing "roll" or
take-off '"roll. "




value of the concept of "run-of-types' sequencing, has limited operationatl
meaning since th= length of a run is dictated by the availability of aircraft

of a particular type, and is necessarily short.

The problem of determining an optimum sequence of types to
minimize the second term of equation (3.11) is identical to the "traveling -
*
salesman" problem, which has been treated extensively in the literature.
The traveling-salesman problem is basically one of finding a cyclical
M x M permutation matrix, X,such that, for some given M x M "'cost"
M
matrix, C, the sum E x

i, j=1
salesmazn' appelation devives from the form of the problem in which a

i cij is 2 minimum. The "traveling-
salesman must tour M cities whose separations are represented by the
elements of the C matrix (which is symmetrical in this case) such that
the toral distance covered is a minimum. The solution to the problem
then defines the order of touring the cities. Most attempts at general
formulation of a solution involve a linear programming formulation, but
the solution of the linear programming problem may provide a pe rmuta-
tion which loops before it cycles through all M elements. The general
approach to recovering from this situation is to impose additional
restrictions in the linear program to prevent the loops. No simple,

universally-applicable solution has yet appeared.

The author is grateful to Professor R. Conway for calling this simi-
larity to his attention.

—
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In examining the optimum sequence of types to minimize the
second term of equa.ion (3.11), we consider first the case where there is
no limitation due to to. Then, the total time for any sequence is given by

S

*
5, &— 1/V,, and the total time is independent of sequence .

Imposing the to restriction introduces an additional time penalty
i
cij = (to - n/Vj + m/Vi) for all those pairs (i, j) where Vj >V (Vi)° Thus,

we note that, if some sequence exists such that the to restriction is n»ver

impcsed, then that sequence is an optimum sequence.

We rank the aircraft in order of their velocities such that
V1 < V2 <eee X VM’ and define the "NF" (next-fastest) sequencing rule
to stata that Ai lands before Aj if and only if Vi < Vj° We can show
that, if a sequence exists that has no to restrictions, then the NF
sequence is such a sequence. We assume first that, for some j,
Vj +1 > V* (Vj). Then Vi > V* (Vj) for i=j+1, ..., M since V’;t is
an increasing function of V. Thus, in the sequenc= without to restric-
tions, Aj must be followed by Ak, where k < j. But Vi > V* (Vj) >
V* (Vk)’ so that Ak will be followed by a to restriction. This last prob-

lem can be avoided only by using a sequence which is the reverse of the NF

E-3
sequence, but then AM follows AI’ and VM >V (Vl)' Thus, if there is

This result can be extended to th2 traveling-salesman problem in gen-
eral: If c;5= £ (Y;)+¢g (Yj), where Y is a cnaracteristic of the
element, and f and g are any fuactions, then the total time for the
cycle is independent of the sequence.
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at, restriction in the NF sequence, then there can be no sequence wichout
such a restriction. Consequently, the existence of an unrestricted

sequence implies that the NF sequence is such a sequence.

When no sequence exists without the t, resiriction, then the
“cost" of a sequence is the sum of the to penalties incurred with the
sequence. Thus, solution of the traveling-salesman problem witha C

matrix that has as elements:

(2]
n

j = Max {to - IV, 4 m/V; o} (i 4 §) (3.12)

C.. = O
11

provides an optimum sequence, The C matrix thus defined is character-
ized by the conditions that c¢,, < c.,, if j, < j, andc, , > c, . if
ij, — ii 1 2 i.j— i,
1 2 1 2
il < iz, i.e., the penalties increase as one moves up or to the right in
the matrix. The NF sequence is seen to constitute the slant (i.e,, the
elements directly above the main diagonal and the element in the last row

and first column) of the C matrix. (If the slant contains all zeros, then

the NF sequence is seen to be optimum with no to restriction .)

If S o4l > 0 and .y 1, i+2 > 0, then by application of

equation (3.12), it can be shown that:

CL i+l T Cian, a2 S a2 75V ) (3.13)
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Thus, in the most common case, Case A of Figure 3.2, where S > Vi to
for all i, the penalty in an element directly above the slant is greater
than the sum of the two adjacent slant elements. (If one of the two slant
elements is zero, then the conclusion simply follows from the monontonicity
of the cij') Similarly, any element above the slant exceeds the sum of the
two ¢lements directly below and to the left of it. Then, we inay describe
any sequence (A, A, , A, , ..., A, Yy by (1, A, , «e., A, o0,
1 i i i N J
1 2 M-1 1 2

A, ,...) where j. <j,<...<j . For this sequence.Zc.. =q. +

Im 1 2 m ij i
CJIjZ S R cj i since ¢ = 0 below the main diagonal, We define

%*

ii
m-1"m v

= eee + . . iyeee ]
cij ci, P41 te, $1, 742 + CJ-I, 3 for the subsequence (i, y J)
in the NF sequence. Then, it follows from (3.13) and the fact that
*
s >t V. thatc.,, < c,, forall i and j, so that the NF sequence is
o o i ij — 7ij

optimum in Ci3se A.

It can similarly be shown by expansion of equation (3, 12) that

when there are positive entries below the main diagonal,

c.. + ¢ < ¢ + c . (3. 14)

when i < j < k, so that the NF sequence can also be shown to be optimal

in these cases.
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As an indication of the improvement that results from NF-
sequencing, the ten types of aircraft shown in Table 3.1 at Idlewild were
considered to be sequenced by alternative rules of random Sequencing and
of NF'- -sequencing., For t = 1 minute and s, = 3 miles, the advantage of
NF Sequencing is 11% whea m = 7 miles and 16% when m = 10 miles.

Decreasing 8 to’ or m would reduce the savings correspondingly.

The extremes of NF Sequencing may !¢ examined by consid-
ering that a large enough number of aircraft types exist so that the digtri-
bution of types may be approximated by a continuous one, Then, it is
possible to get an infinitely long NF Sequence without ever eéxperiencing
the t limitation if the parameters follow Case A; the landing rate is
then approximately V /s ! the value attained without the t limitation, and
the best that can be achieved with the given velocity distribution and gate
Separatior. While this Process provides the longest NF sequence, it is
alsc of interest to examine the shortest NF sequence that has no to
limitation. This is the one in which €ach landing of velocity V is fal-
Jowed by a landing of velocity V (v ), denoted by "V -§equencing, " Under
this Procedure, every landi. g but the last in a sequence is followed by a t

interval, a Situation tiat intuitively appears desirable,
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We will investigate in detail only the most common case where
S, > bto (Case A of Figure 3.2). The V*- sequencing rule is uniguely
defined in Case A untii a landing of velocity V > c [where Vﬁ< (c) = b]
occurs. Since V*(V) > Vforall vV, V==i sequencing obviously cannot then
continue. It is then necessary to select a new initial velocity and commence

*
another V - sequence,.

*x
We define a "V -~ cycle of length Q" to be 2 sequence of Q

*
landings initiated by a landing with velocity V1 = V1 , foliowed by one of

*

%
2 =V (Vl) which, in turn, is followed by one of velocity

velocity V

* # % 4
V3 =V (VZ }, and so on, up to VQ , such that each landing is followed

by one of the exact velocity to provide a landing interval of exactly to after

-3

Q <

starting with a space separation of 5 and such that ¢ < V

%*
The values of Vk (k=2, ..., Q) are all functions of "1 as

follows:
v’°‘——-———nVl 3.15
2~ t V.+m (3.13)
o 1
2
v* n V1
3 =

2
toV1 (m+n)+m

3

% n v,

to V1 (n2+ mn~i~m2)+m3
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and, in general,
. nkvl {3.16)
Vk+1= o1 k-.—l. l((k::l,Z,...,Q-l)
t V n’ J +m
o 1 E
j=0

a generalization that can easily be proven by induction. The sum enclosed
in brackets in the denominator can be shown, by division, to be

(nk - mk)/(n - m), so that

s nkV1 so
Ves1 © K K (3.17)
tn V.+4m (s -t V)
o 1 o o 1

*
The requirement that VQ < b bounds k from above, and

loge{vl 8 "B, (3.18)
\b s -t V

| e )

where the square brackets represent ''the greatest integer in."

E-3
We now define u, such that, if V, = thena V - cycle of

k 17 Yk
®
length k can aoccur with V

= b. < : :
K b. Thus, L < V1 S implies that a

*
V - cycle of length k can occur. We note that u, = b. From 2quation

%

(3.17), with Vk = b, Uy is found to be:
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(m)k-lbs
n °
- (3.19)

Figure 3.9 illustrates Q as a function of V, for m = 4, 10

1

miles, S, = 3, 4 miles, to = 0.5, 1 minute, and b = 120, 150 knots for

V1 > 70 knots. The function has discrete jumps at the u valves. It is

noted that, for small m and small b, the cycles are short. The longest

cycle, of length 8, occurs when m = 10, 5, = 3, to =1, b=150, and a = 70.

’

*
In general, Q (and thus the opportunity for V - sequencing) increases with

asls a5 a Of 5 inC rease.

&
The time (TQ) to complete a V - cycle of length Q initiated by

a landing of velocity V. is (Q - 1) to plus the idle time before the beginning

1

of the next cycle (with a landing of velocity Vl’), and is given by:

= (Q - /. ;
To=(Q- 1t +n/V] -m/V, (V (3. 20}

In this time, Q landings are performed, so that the landing rate, 7\-Q, for
the cycle is

A =
L, =ity (3.21)

It can easily be shown that it is desirable to maximize the length of a

ot

V*~cycle, and therefore, to start it with a slow aircraft. There is no

advantage, however, in reducing V, below u. (where u

1 Q

< a) since

Q+1
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no additional length is thereby added to the cycle, and the general speed
reduction increases the time for the cycle. Thus, an upper bound to the

b3 2
landing rate attainable under V -sequeacing if Vl’ = V1 is that obtained

P ,
when V1 = uQ {and V_ = b). The landing rate ( ’1,’Q) can then be deter-

Q
mined from equations (3.20) and (3.21). Table 3.3 lists this upper bound
for one velocity distribution (a = 90, b = 150), and provides a cornparison
with A4 , the landing capacity under random sequencing. It is noted that

. * . : .
(except for the one case where Q = 1, so that "V -sequencing' is meaning-

3
less) the capacity is improved from 5% to 20% by V - sequenciug.

To examine the effects of velocity variation, another rule on

. - - - I,- * - *
V1 is examined. It is now assumed that Vl = V1 = a, so that VQ = VQ

Thus, the length Q of each sequence is unchanged, but the average velocity

(a).

of the sequence is reduced below the maximum value used in computing 7. 6.
The resulting landing rate under this assumption ( A 6/) is also presented
in Table 3. 3 for comparison. It is seen here that in a majority of the cases

7. / . * ]
'{Q < A< ZQ. Only in the last three cases, where V_ (a) is very close

Q

* /
to b (and the two V -sequencing alternatives are very similar), is 7(Q/ > A .

Table 3.3 also illustrates the landing rate with an infinite-
length NF sequence, and this is seen to exceed random scquencing by less
than 18%, and then only when m is large. Some improvement is found in

all cases.
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*
The landing rates under the twn V - sequencing rules and under

random sequencing are depicted graphically in Figure 3.10 as a function of

‘Q, the length of the sequence for the case. The longer sequences are seen

to occur with the larger values of m. The improvement over random
sequencing provided by optimum V*- sequencing (Zé) is indicated by the
length of the golid line for each casc; the dotted lines indicate the decrement
of sequencing for zg As expected, the greater improvement occurs with

the longer sequences.

V*— sequencing implies an infinite supply of aircraft waiting
to be landed, a selection of Vl by some process, which then defines the
remaining (Q-1) aircraft in the sequence. The selection of V1 must meet
the requirements of the distribution of arriving aircraft velocities, so
that the selection of slow V. is more probable, since fast aircraft are

1

. . *
included in every V sequence,

The sequencing concepts considered here are not presented as
practical means of sequencing aircraft for landing. Rather, they are pre-
sented to indicate, by consideration cof optimum situations, the potential
improvement in landing capacity that might be achieved by sequencing.

U such an improvement were large, then it would be desirable to

study sequencing further; if small, even under the ideal conditions con-
sidered, then it might be adjudged relatively ineffective. It was noted
above that the over-all improvement is not large, and that, with

%X
V - sequencing, even small variations from the optimum sequence
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resulted in a degradation of landing capacity below that obtained with ran-
dom sequencing (based on first-come-first-served). The failure of
V*-sequencing to provide significant improvement results from the fact
that, although aircraft are dispatched to land with small separations by
following each landing with one slightly faster, finally the fastest aircraft
in the sequence must be followed by a slow one, introducing a long landing
interval and thereby dissipating the advantage gained by the sequence of
to-intervals. If this long interval could be used for take-offs, then
V*-sequencing could cifectively improve operations rate; for improving
landing rate, however, it appea: .elatively unpromising. NF-sequencing,
which more typically represents the maximum improvement that might

result from sequencirg, was seen to provide an increase of less than 20%.

3.7 Queuing Considerations

Analytical investigation of landing delay has generally been
based on application of the standard steady-state queuing theory models,
such as those presented by Bowen and Pearcey [43] and Bell [45].
Berkowitz and Fritz [58] point out that such models are inadequate because
they treat the equilibrium condition where arrival rate may not exceed
service rate, whereas the important problems in ATC occnr when arrival
rate does exceed service rate. To correct this, they use the matrix of

queue state transition probabilities to investigate the transient build-up oi
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delay, and find that, for Poisson arrivals and for fixed arrival and service
rates, the average delay increases approximately linearly with time of

arrival after the start of service.

Despite these valid objections tco the use of the steady-state
models for estimation of actual delay that might be experienced witha
system, these models are valuable and effective tools for comparing dif-
ferent systems on the basis of relative delay, and -‘or investigating queue

characteristics as a function of system parameters.

3.7.1 Queue Relationships

In all investigations of landing queues, the distribution of
arriving aircraft has been assumed to follow the Poisson law. This
assumption has been based on observations taken at airports and reported

by Bowen and Pearcey [43], Bell [45], and Berkowitz and Doering [55].

It has been shown by Kendall* [46, p. 155] that if arrivals to
a queue are Poisson with average arrival rate & | and if the service time
has any distribution with mean 1/A and variance O/sz , and if arrivals
are served in order of their arrival, then the average waiting time in the

queue is given by:

- o
q ZA1-°) s } (3.22)

Kendall credits Pollaczek [65] with the original development of this
formula.
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where = & /A < 1. We wntroduce a quantity

k,= A2 ot 17, 23)

{the reciprocal of the coefficient of variation of the service-time distriba-

tion) where ks = k if the service tinie has a k-Erlang distribution.

In terms of ks. Wq is given by:

{g ks+1
q 2zAa@-7~2y i

S

(3.24)

It is seen from equation (3.23) that ks = 1 when the service time has the
exponential distributicn ( o”s = 1/A ), and that ks = &< when the
service time is constant ( o"s = 0). It is seen from equation (3. 22) that
average delay is a minimum when service time is constant and the servicing

operation is ""well organized'; when service time is '""random, " and has the

exponential distribution, the average delay is twice the minimum. With
this intuitive characterization of the service process, the quantity ks {
serves as an indication of the degree o1 ""order" of the service process.

Figure 3.11 illustrates mean queue delay in units of mean service time

(i.e., Wc1 A ) as a function of runway utilization ( /° ) for ks =1, 2,and

oo . It is noted from equation (3.24) and Figure 3.11 that the average

delay rapidly approaches the value for constant service time as ks

increases.,
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The average queue length, Lq’ is given by & Wq, or:

-2 (ks + 1)
~
L = . —_— 3.35)
e ZTa-A K, (
This relationship is plotted in Figure 3.12 as a function of P for
ks =1, 2, and e , Cusrves similar to those for A Wq are obtained,

except that a sharper knee occurs.

These equations are derived on the basis of a standard queuing
situation, in which a single server is occupied with a single customer for
some service time while the others wait their turn to receive service. A
runway does not operate in exactly that manner, since several aircraft may
be descending to a landing simultaneously. It may be considered, how.ver,
that the runway is "serving" only the single aircraft closest to a landing, and
gservice is completed at touchdown, so that the service time is then the time
between Jandings. The delay Wq is then the average difference between an
aircraft's potencial landing time and the lzter one to which it may be dis-
placed because of congestion. The mear queue length Lq then represents
the average number of delayed aircraft waiting or landing but not being

t'served, "
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3.7.2 Landing-Time Distribution

Siace the assumption of Poisson arrivals seems congistent with
the avallable data, 1t 15 necessary to determine only the mcan and variance
of the landing-time distribution to permit an examination of delay charac-
teristics with equations (3.24)and (3.25) (or Figures 3.11 and 3.12). The
mean landing time is given by equation (3. 7). To compute the variance,

the entire distribution of landing time (TAA) must be derived.

We start with the assumption that Vl and V2 are independently,
identically, and uniformly distributed with joint density function as given

by equation (3.6). We c.ange to time variables by letting:

T1 = rrx/V1 and T2 = n/VZ (3.26)

As shown in Appendix B, T1 and T2 are found to have a joint density

function:

mn

g (tl, tz) = 533 m/b < t, < m/a (3.27)
{(b-a) t1 tz
n/bﬁ t2 < n/a
(b#a)
=0 elsewhere
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Then, for t > to’ the landing-time distribution is given by:

SAA(t)zpr {TAA?-t} = Pr £T22T1+t} (3.28)
wiile, for t = ty the finite probability that the landing interval is t, is
given by:

Pr {TAA= to} =1-pr {T2>T1+toj (3. 29)

The resulting distribution function is developed in Appendix B and is given by:
/
- < = .3
S, { t l =) t < to _} 1 (3. 30)

/ -
Saa {t‘to <t§s°/bJ-

{
t(mb-—an)+t2 (b2+az~ab)+mn log (m +at) (n - bt)

2 2 e mn

t (b-a)
(e} <t < } __n-at mn m + at
Saa Zt | So/® St <s 2l = t-a) 'z, 2z 8 oiu
t {5-a)

S rt—s—°<t<l-ﬂ =2 [ b noat t

A.Al a =~ 3 bj ~ 72 2 (n-at) - at m .

t (b-a)

- mn loge [{n -at) (m+bt) / mn]}

SAAgt}al-—?—f_ti%}=O

where:
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To investigate the sensitivity of the landing-time distribution
to the assumption of a2 uniform velocity distribution, the alternate discrete-
velocily assumption is examined: all aircraft of type i laund with identical
velocity Vi and appear at random with probability P, - The discrete

landing-time distribution is then given by:
Pr LTAA =Tijj =p(Vi)p(Vj) (i, j=1, 2, «v., n) (3.31)

where T is given by eguation (3. 2).
1)

Using the statistics for LaGuardia and Idlewild Airports of
Table 3.1, the discrete distributions are plotted in Figure 3. 13 for typical
values of the system parameters. These are compared with the landing-
time distributions based on equivalent uniform velocity distribitions having
the same mean and variance. The correspondence is seen to be reasonably
satisfactor+, so that it appears that the entire distribution as well as the
mean of the landing time is reasonably insensitive to the form of the
velocity distribution. Further evidence supporting this possibility is pre-

sented in Appendix E.

Using the distribution function of equation (3. 30), the variance

was computed by numerical integration of:

-2 2 2
2 =/t dS, , (8- (T, ) (3.32)
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3.7.3 Parametric Investigation of Queue Characteristics

As can be seen from equations*(3.24) and (3.25), all the
information regarding queue characteristics for a fixed arrival rate is
contained in kS and ir A . The parametric effects on ks represent an

. . 2
interaction of the effects on A and on o’s .

Figure 3.14 illustrates the effe~ts of m,, S and to on A,
6"52 , and ks for the uniform velocity distribution characteristic of
Idlewild (V = 130 knots, R = 48 knots). It is seen that 0’: increases
with Sy and m (since longer landing-time intervals occur) and decreases
as to increases (since the discrete jump at to which represents & constant
landing interval is larger). Since ks is more sensitive tc ()"s2 than to 2 2,
it varies with t0 and inversely as m. Gate se»varaticn (so) interacts with
the other parameters, as can be noted most strikingly on the first graph,
where m = 7 miles; it is seen ks increases with S, for to = 0.5, has a
minimum point at 5, F 3.3 for to = 1,0, and varies inversely as s, when

t = 1.5.
o]

The effects of V and R on ks are indicated on Figure 3. 15.
It is noted that increasing average speed o+ reducing speed variation

increases ks’ primarily by reducing the long time intervals.
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Knowing the value of ks for a set of parameters, cquations (3.24)
and (3. 25) can b2 used to estimate the average delay Wq and the average
queue length I.,q . These results are indicated on Figure 3. 16 for the traffic
mix at Jdlewild based on an assumed arrival rate of 20 aircraft per hour.
Since the value for ~ in the cases shown is well below 1.0 (and thus on the
flat portion of the Lq - /ocurve), Lq is seen to vary less with parametric
changes (and consequent changes in ') than does Wq. The queue measures
generally reflect the variation in landing capacity. Delay incurred with
greater arrival rates would be more sensitive to parametric changes char-

acteristic of larger values of P.
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CHAPTER 4
ANALYSIS OF THE CPERATIOMS CAPACITY

OF A JUNWAY USED FOR LANDINGS AND TAKE-QOFFS

The previous chapter treats the problem of a runway used
only for landings, It is more common for a runway to be used for both
landings and take-ofis. The capacity in such a situaticn is exa:nined in
tl.is chapter by the formulation of an analytical model for estimating
runway operations* rate, The eifects of the various system parameters

or operations capacity is examined, and means of imiproving performance

are investigated.

4.1 Previous Investigations of Mixed Operations

In contrast to the relatively large number of investigators whe
have studied the landing problem, only one other analytical cffort dealing
with mixed operations has been found. Galliher vecently reporied [67] on
some work currently in progress at Airporne Instruments Laboratory
under FAA contract. He is studying queuing modeis in which a single
server (the runway) serves two arrival queues {landings and take-offs).

He reports that he is considering the following 2iternative disciplines:

An "operation” is a landing or a take-off.

123
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First-come/First-served discipline queuing model
Head-of-the-line queuing discipline model
Pre-emptive priority discipline queuing model
Simulation model which permits dual servicing on
final approach, i.e., arriving aircraft too widely
spaced on final may have a take-off inserted
betwixt arriving aircraft

5. Nonstationary analytic model with First-come/
First-served queuing discipline, either random or
nonrandom input, and featuring in addition non-
stationary service time, if desired. [67, p.4.)

B W N

In [67], Galliher preseats the queuing formulas (developed
elsewhere in the literature) for the first three models, but they all suffer
from the disadvantage which led him to the simulation formulation of the
fourth model, namely, that they use the parameters of the distributions
of the landing and take-off service times independently, and do not consider
the possibility of interposing take-offs between the landings. The formulas
consequently indicate longer delays than are experienced, since they do not
recognize that the single server can be serving both a landing and a take-off
simultaneously. In private conversations, Galliher has indicated that he

is also investigating 2n analytical formulation of the fourth model.

A relatively minor portion of the Franklin Institute - CAA
Technical Development Center simulation effort has been devoted to mixed
operations. Anderson and Vickers [57, pp. 24-6] used elementary
"graphical" simulation of a situation characterized by constant take ~off

and constant landing intervals, and concluded that alternating operations
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yields a higher operations rate than running sequences of the same operation
(based on assumptions of identical aircraft, 3 miles arrival separation, !
minute departure separation, and take-offs permitted only if an arrival 1s

beyond 2 miles from the runway).

Berkowitz and Fritz [58] studied mixed operations in their real-

time ("dynamic') simulation investigations. They report:

It was found that the average separation -ime between
two successive landings was about 120 seconds. When
a take-off intervened, the separation’ :tween the land-
ings was about 140 seconds. The average runway
separation between two successive take-oifs was 65
seconds. On the basis of these figures, it seems
obvious that the most efficient method for intermixing
landings and take-offs when there is a backlog of Loth
is to alternate them; 2 take-off requires 65 seconds
when following another take-off but adds oniy 23
seconds when interspersed between two landings. This
alternating procedure resulted in a singl:-runway capac-
ity of 50 to 55 operations per hour. [58, p. 50.]

It is not clear from their discussion whether the 140 seconds resulted
from the interposition of the take-off, or whetner it is merely that those

landing intervals into which a take-off could be interposed were naturaliy

longer. The coaclusion does appear, however, to be intuitively reasonable.




126

4.2 The Basic Analytical Model of Runway Operations Capacity

The model developed here for operations capacity is an exten-~
sion of the model for landing capacity. In mixing operations on a runway,
the practice at most airports is to perform the landings as close together
as gate (so) and runway (to) separation standards permit. Controllers
attempt to interpose departures between the landings whenever possible,
but give the landing aircraft priority. In general, the rules require that
an arriving aircraft be beyond some minimum range (ro) from the runway
in order to interpose a take-off before it; otherwise, the departing air-
craft must be held until the landing aircraft has cleared the runway. If
too long a take-off queue develops, then the landings may be temporarily
halted while the queue is dispatched by a run of take-offs, with a minimum

time interval (toD) maintained between successive departures.

A mode! is formulated expressing these restrictions, and pro-
viding an estimate of runway operations rate. This estimate probably
represents an upper limit of performance since controllers tend to increase

safety Dy erring conservatively in observiang these standards.

4.2,1 Assumptions

In this model, the following assumptions, represented sche-

matically in Figure 4.1, are made:
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Landing aircraft arrive at the gate independently and in
randem sequence.

Aircraft land in the order in which they arrive at the entry
gate (i.e., first-come-first-served, and no aircraft may
be passed after it has crossed the gate).

Landing aircraft must maintain a minimum distance
separation (so) at the gate and a minimum time separa-
tion (to) at the runway.

Landing aircraft maintain constant velocity from the time
they enter the gate until they reach the approach end of
the runway.

Successive departing aircraft must maintain a minimum

)

time separation (toD
A departing aircraft may be dispatched only if a preceding
landing aircraft has cleared the runway (a time TL after
landing), and a following landing aircraft is further than
some minimum distance (ro) from the approach end of the
runway.

A departing aircraft can take off {if so ordered) as soon as
a preceding landing aircraft has cleared the runway,
Aircraft are available for either landing or take-off as

frequently as separation standards permit (i.e., the capac-

ity situation is examined. )

o 4

- —
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4.2.2 Notation
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We summarize here the notation which will be used in this model

in addition to that introduced in Section 3.2.2. The letters "A' and "D" are

used here to signify arrivals and departures, respectively. The important

additional notation is defined below:

oD

AD

DA

minimum distance (from the approach end of the
runway) of a landing aircraft o permit interposing

a take-off before the landing

minimum time separation required between suc-

cessive take-offs

runway- occupancy time of a landing aircraft, assumed

constant
T 1t
L/ o
time interval between successive take-offs; when take-

~{fs are not affected by landings, TDD = toD

time interval between the touchdown of a landing and

the beginning of the roll of a following take-off; by

T

assumption (7), TAD = L

a chance variable with mean value Z-DA representing

the time interval between the beginning of a take-off

roll and the touchdown of a following landing
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conditional expected value of the landing interval given
that a departure was interposed between the two

landings

operations capacity (landings and take-cffs per hour)
total number of landings in a sequence of N operations
total number of take-offs in 2 sequence of N operations

Min {number of runs of take-offs; number of runs of

landings} in a sequence of N operations

V4
2 LV /N = reciprocal of the average length of a run in

a sequence of N operations (0 < W < 1)

expected number of take-offs that can be interposed
between a pair of landings without affecting the landi .g

operation

probability of interposing at least k take-offs between

a pair of landings

probability of internosing a take-off in a landing
interval if none had been interposed in the previous

interval

probatility of interposing a take-off in a landing
interval .f one or more had been interposed in the

previous inte.val
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4.2.3 Time for a Sequence of N Operations

The time required to perform any sequence of opzrations
depends, in general, on the structure of the sequence. Consider a particu-
lar sequence S of N operations consisting of NA landings and ND take-offs

(N = NA+ ND), with § = {ao, ayy eees aN}

where a, = D if the ith operation is a take-off

n

A if the i® operation is . landing

Since the time for the sequence is based on the inter-operation times, we

must specify a,, the last operation prior tu the sequence. We specify

o’

., = a

0 Without loss of generality, let a

= A, A run of lengthL

N° 0" 3N

is a sub~-sequence of L identical elements. A cycle Cj in the sequence S

is a run of D's of length hj followed by a run of A's of length kj

1 < k,
-]

sub-sequence, BO’ of A's (a0 = A followed by a run of ko A's), (0 < k0 < NA),

< N, ). The sequence S then consists of an initial

< <
(1<h < N A

D;

fcllowed by a saccession of w’ cycles, i.e., S = i BO’ Cl’ CZ’ ey C(J),} .

The expectation of the time to complete a cycle, Z'C s
J

Z;A (kj-l) (4.1)

is given by:

c. - “ap? “pp pat

T T _+ T (hj-1)+’Z‘
j

= C - (4 (4 -
Lt tep Uy d T G G-
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The average time to complete the sub-sequence B0 is givan by:

TBO =k Can (4.2)

The average time to complete the sequence S, T, is thus given by:

N’
w’ \ w’ (4. 3)
4
T %a (ko * f: kj) * ot | 2 b rw'(Zp, +0 -t - G
" -

’
and letting &= 2 W/N (so that & is the reciprocal of the average length of

- /V -
arun, 0 < W < 1) the average time psr operatioa, (M is:
T N N (4
N _ 7 A D w 7 . T
=7 " Ga v *toow * o patltpGn!

When N, = N_ = N/2, which must be the case over the long period, (4.4)

A D
becomes:

- 7 - -
ZTM_(Z;A+toD)+w('DA+q tip " G.a) (4.5)

We note that only &) is available as a variable of choice if we

desire to minimize the total time for the sequence. Thus, if

Gnt G tp t Ga (4.6)
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¢J ~hould be made as small as possible (approaching zero) by alternating
long runs of landings with long runs of take-offs. If inequality (4. 6) is
reversed, then it is desired to make ¢/ unity and to alternate operations.

If both inequalit.2s hold, the choice is immmaterial,

These results show that when the "switchover time, "

H u - H 1] zl
CL + T A 18 smaller than the ''long-run time, AA +t then

D oD’

*
operations should be alternated as often as possible. The actual length
of runs in practice will, of course, depend on the availability of aircraft

for service.

4.2.4 Interposition of Take-Offs

4.2.4.1 Operations Rate with Interposition

During runs of landings, the time interval between successive
landings is often sufficiently long to permit the interposition of one or
more departures, thus reducing . .e number of take-offs that must be
run as a group. If the average interposition rate is ) , then only

[Ny =Y, oy, -] of the N

D departures consume any time, and the

D

time for the sequence of N, landings and N

N take-offs becomes:

D

This result is a special case of results already developed in study of
single-stage production, where the process here treats .wo ''products, "
arrivals and departures.
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(4.7)

_ _ 4 A _ a
ZN'IqA Coat Wy - YNt v (T T o 1 - Y] AA)

if Z/D < ND/NA’ and

T _ -n T (4. 8)

if ))D > ND/NA , in which case all take-offs can be accommodated without
*
ever disrupting the landings. This results in a revision of the rule of

equation (4. 6) to encourage longer runs to provide more opportunity for

interposition,

ok
If N, =N, = N/2, then the operations rate /qis N/ T , and

D “A
is given by:
(409)
2
- ifd <1
(1-w) {CAA+toD(1 -UD)} tw (L +7,,) %

A 22 - 21T, ) > 1
=

It should be noted here that, with interposition,
/ -
w'< Min {NA, N, - Vg NA} .

sk
While an operations rate /‘((N » N, ) can be computed for any com-

bination (ND, N,), the one we use t% characterize a runway is the
steady-staté one based on an equal number of landings and take-offs.
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The common operaticnal situation is characterized by a long run
of landings (albeit with interposition of departures which do not affect the
landing schedule nor interrupt the run) followed by a long run of the waiting
take-offs. This is represented by small values of @ |, so we treat in the

basic model only the iimiting case, W = o,

4.2.4.2 Interpcsition Rate

It is now necessary to determine ))D tv arrive at the operations
rate. Figure 4.2 depicts longitudinal distance from the approach end of
the runway as a function of time for the successive aircraft using the runway.
It can be seen from Figure 4.2 and assumptions (5) and (6) that, in order to
interpose a take-off (Dl) in the interval beiween the landing of A1 and AZ’

the following two requirements must be satisfied:

1. T, requirement : The preceding landing aircraft (AI)

must be off the runway, and the succeeding landing air-
craft (AZ) must be beyond r, when the departure (Dl) is

ready to roll at a time Z“L after A1 touches down.

2. t requirement: a time interval of at least ¢ _ must
oD oD

have elapsed since the last take-off (DO)'

The r, requirement assures tha. the landing interval is long

enough to permit an inte:posed take-off; the to requirement relates the

D

current situation to the last previous interposition.
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The to requirement enters only if there was an interposition

D

in the previous interval (between A_ and Al) and we assume that an inter-

0

position in the second previous interval (before AO) would not be inhibiting.
For an interposition to have any effect two intervals later, it would be

necessary that to exceed (rO/b + to + T;_‘), the minimum possible time

D

between two successive interpositions that are separated by two landings.

Since no values of to larger than two minutes are considered, this

D

situation is not likely to occcnr,

4.2.4.2.1 Interpositinn Probabilities

To determine the probability of interposing a take-off in a

landing interval, we define the following probabilities:

q, = probability that at least one interposition occurs in

an interval

a5 = conditional probability that at least one interposition
occurs in an interval, given that there was no inter-
position in the previocus interval (i.e., the ro
requirement is met;

9P%p = conditional probability that at least one interposition

occurs in an interval, given that “ere wes inter-

pc¢sition in the previous interval {i.e., both the ro

and t p Fequirements are met); thus, ap <95

D
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A stochastic process can be defined on the suzcessive landirg
intervals with states "interpositiun occurs (I)' and '"interponsitin- does not
occur (T)". This process is M-rkovian, since the state depends only on

the previous interval, and hns ine uansition matrix:

I T
k4 -
9p 1-q
S -9
N : )

Each stats is recurrent (since the chain is finite) and aperiodic (even if
9 =0since IT11, 1T1 1, etc., are pos=ible even if 1 1 is not), and
therefore ergodic. It then follows, as shown by Feller [68, p.325], that

a limiting probability q, exists, and is given by:

9, =qg (1 -q)) +qpq, (4.10)
Solving (4. 10) for ql gives:

9 =a5 / (1+ag - ap), (4.11)

leaving only a5 and 9p to be determined.

We see that (4. 11) has tle properties intuitively expected. If
the toD requirement is always satisfied when the r criterion is satisfied,
tl’aen 9p = 95> and q; = 95- 1f 9p = 0, i.e., interposition is never
possibie in successive intervals, then q,—> 0.5 if %GB is lJarge, and

9 —_— ql-_;,-" if 5 is small and the situation calling for successive inter-

positions rarely occuars.
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As can be noted in Figure 4.2, the T, requirement in the

Al - A2 landing interval may be stated as

T .1
TAA >t + ro/V_‘C (4.12)

Ord'naril., to permit an interposition, T,

, must be larger thant ,

TAA = n/V2 - m/V1 > to, (4. 13)

so that 5 is given by:

G = Pr j(n - ro) / V2 —m/V1 > TL} (4. 14)

It is often possible to interpose more than one take-off between
a pair of landings. If more than one take-off can be interposed, the toD

requirement is automatically satisfied, so that the probability of interposing

k take-offs in a landing interval is given by:

(4. 15)

v v

q = Pr 2 . = >TL+(k-1)toDj k=2, ..., K)
2 1

where K is the maximum possible number of interpositions dictated by

the maximum landing interval, and is given by:
K = [(1/t_) 2 (n-r_)/a - m/b - ’C‘L} +1]

where the square brackets represent "the greatest integer in."
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If we denote the distribution function of equation (3. 30) by

SAA (t { m, n, to), then we note that:
as = 5,, (T, ’m, n-r_, 0) 14, 16)
Q = sAA(’Z‘LHk-l)toD/ m, n-r, 0) (k=2 ..., K) {4.17)

The toD requirement applies only when an interposition had

occurred in the previous interval. The requirement may be stated as:

T + T - r [V, >t (4.18)
DOAI Al Az o 2 oD
where TD A represents the time between the beginning of the last previ-
071

ous departure (DO) and the touchdown of the following landing (A1)° The
requirement of (4. 18) is necessary to assure that the (Al’ AZ) interval is
long enough so that the interposed departure inay begin before A2 reaches

T and that a time toD has elapsed since the previous departure.

Estimation of the probability of satisfying {4. 18) requires some

information on the value (or distribution) of TD It is assumed for this

A

basic model that the last previous interposition occurred as early as
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ot

possible in the previous interval, i.e., a time T after A  lands.

L 0
With this assumption,
T = T - T
DOAI AOAI L
and the toD requirement becomes:
/ Z”
- - > .1
Taa t Tan - %/V2 L~ ‘b (4.19)

where T}/\A is the landing time separation in the previous (Ao, Al)

interval.

Exact evaluation of the probability of satisfying equation (4. 19)
requires a cumbersome triple integration over the three velocities
I/XA by Z.I" its conditional

expected value given that the r requirement has been satisfied. (The

involved. This is circumvented by replacing T

expression for T‘I is derived in Appendix C.) With this substitution, the

toD requirement becomes:

This assumption minimizes the t restriction, and thus provides an
upper bound on qp. Itis perfectly satisfied when there had been no
interposition in the second previous interval, since the departure in the
previous interval (D;) would have had no reason to wait longer than T
after the landing of Aj; such a situation is probable when top is large.
If t,p is small, then the t,p requirement is easily met, interposition
is controlled by the r, requirement, and the assumption is appropriate;
this is always the case if t,p < Z~'L + r,/b. Section 4. 3.4 contains
the development for an alternative assumption that the interposition in
the previous interval occurs as late as possible, thereby providing a
lower bound on gqp .
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. o _ - - T
T = n-r)/V,-m/V > f’L + e -T) (4.20)

This is similar to the r, requirement in equation (4. 14), and differs only
by inclusion of the term in parentheses on the right side of the above

inequality. Thus, if ?} >t then the t requirement is satisfied a

oD’ D

fortiori when the r, requirement is satisfied, and

= q=— 4.21
9p = 95 (4.21)
I 'Z'I < toD’ then the toD requirement is the more severe, 9p < 95 »
and:
= - T - .22
ap = Sy, (Tt -6 [ mn-x, 0) (4.22)

We are now able to compute yD' Equations (4.21) or 4. 22)
provide ap and (4. 18) provides 945> and these are substituted into (4. 11)
to provide 9. Equation (4.17) is used to compute 9 k=2, ..., K).
Since the q's represent probabilities of at least k interpositions,

(qk - qu) provides the probability of exactly k interpositions, and yD’

the expected number of interpositions, is given by:

K K

Yy T v -auy . S

k=1 k=1 % (4.23)

Operations ::ate/q can now be computed from (4.9).
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4.2.4,.2.2 Interposition Prctbabilities When a < r, / (to -TL) < b

The case of interposition where TAA > to was just considered.
It is also possible, although not probable, for the T, requirement to be

satisfied when T, , = t_, making the requirement of relation (4.12):

sada

v, > r /(- TL)* (4. 24)

This case represents the situation where to is svfficiently large to permit

interposing a landing if V_ is fast enough so that it arrives at S late in

2
the to interval, and consumes only a small portion of the interval in its

passage from T, to the runway. The necessary condition for this case

{denoted as Case II) is:

Ty < 4.25
rol (to L) b ( )
The inequality in equation (4.14) may be rewritten as:

{n - ro) V1 ~
_ = .26
VZ < V1 ‘C‘L+m — v (Vi) (4.26)

and the . requirement is satisfied if V2 satisfies the conditions of

relations (4.24), (4.26), or both.

Expressions for 9% and Z} for this case are derived in
Appendix D. With these, the remainder of the analysis is identical to

that of the previous section.

X
Since t, is the maximum runway occupancy time plus a safety factor,

(to - ,L) > 0.




4 3 Extensions of the Basic Operations Capacity Model

The model outlined above provides a means for adequately
¢stumating tne operations capacity of a runway, and all later numerical
computations are performed with it. Extensions to it are desirable --
particularly in the removal of some of the limiting assumptions -- and

several are treated in this section.

4.3.1 Treatment of TDD and TAD as Discrete Chance Variables

In the basic model, the time betwecn tuke-offs (TDD) ang the
interval l:etween touchdown of a landing and the beginning of a following

take-~off roll (TAD) have been treated as constants to and Z-L They may

D
also be treated as chance variables, and both can probably best be approxi-

mated by discrete distributions.

The on-runway landing time, TAD’ may be considered a function
of the runway exit used by the landing aircraft and, for a limited group of
aircraft types, may be considered to be relatively independent of aircraft
type. Thus, assuming that a runway has w exits with associated occupanc
times 'C‘L. and probability of utilization p; (i= 1, 2, ..., w), thena value
of Q. {k -': 1, 2, ..., K) must be Computedlfﬂr each T, B and the final set

i

1
of qk‘s to be used in equation (4. 23) is given by:

q, = E Pl G k=1, 2, ..., K) (4.27)
i i

1
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Similarly, T may assume several values. Since the se¢para-

DD
tion standards speciry one, two, or three minutes separation between suc-

cessive departures depending on the distance they fly before their courses

diverge, a discrete distribution is also indicated here. Thus, TDD may

oDJ f
reflecting the course structure of traffic from the t:rminal. The values

take the vaiuves t {3 =1, 2, 3) with associatad probabilities Pp

of pD should also reflect deviations from the first-come-{first-served
J
priority rule; thus, if policy dictates that whenever two aircraft following

identical departure courses for more than five minutes - requiring three-
minute separation - arrive for take-off successively, a departure to a

different course shall be interposed between them, then Py = 0.
3

We might then assume that TA and TDD are independent,

D

and that each is independent of the landing interval TA . The independence

A
of TAD and TDD and of T.AA and TDDfollows from the indevpendence of

the departure and arrival sequences., The independence of TAD and oi

TXA follows from the selection of runway exit independent of landing speed
P
(an assumption that clearly breaks down over a wide performance range).

Then, letting:

( )
= i i i = 5 :z’
%k Pr imterposmg k landings / Top toDj s Tap L j (4.28)

i=1,2, ..., w; j=1,2 3; k=1, 2, ..., K)
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we find the set of qk's from:

3 W
= > > = ‘ 4.2
Y T L L P Pp Yy (k=1,2, ..., ) (4.29)
j=1 i=1 i J
A maore rezlictic - aad :0le complex - model would express
the correlation that exists between runway-occupancy time, TAD’ and air-

craft type as represented by V1 in T, ,. This corresponderce would be

AA

expressed in equations (4.14), (4.15), and {4.20) by replacing Z.’L by TAD’

and using the joint distribution of V1 and T to find the values of Q-

AD

4.3.2 Operations Rate for @& > 0

In the basic model, only the case of &) = 0 was considered.
While this reasonably represents the typical operational situation (charac-
terized by long planned runs of operations), the normal situation is more
generally characterized by some value of & > 0 where the runs are finite.
Analysis of this situation involves the inter-operation-type times, T

AD

and TDA' Accepting T =T asa satisfactory representation, Z~D

AD L A

remains to be determined. If it can be assuned that:

1. the time duration of a run of take-offs is always greater

than the maximum landing interval {n/a - m/bj,

av——
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2. the controller can dispatch the first landing of the next run
from the stack with sufficient precision so that it arrives
at r just as the last departure begins its take-off roll

(thereby operating to the limit of the separation standards),

then:

TDA = rQIV1 , (4. 30)
where Vl is the velocity of the first arrival after t4e run of take-offs.
Assuming V1 to have the uniform distribution over [a, b], we find that Z;)A’
the expected vaiue of TDA , is:

Coa- -b'rToZ log, ('}—:") (4.31)

Substituting this value into equation (4. 9) provides the operations rate for

any value of @ .

Assumption (2) above can easily be modified by substituting any
greater value ior T, to represent the controller's inability to perfectly

position the landing aircraft.

Assumption (1) is imposed to prevent the inte raction between
the last of a2 run of landings and the first of a following run. Ignoring the
effect of the interaction and retaining assumption (2) above, the time between
touchdown of these two landings when separated by a run of h departures is

given by:
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TL th-1) b o+ x [V (4. 32)

oD

Thus, a sufficient condition on the minimum length of a run of take-offs for
assumption (1) to hold is determined by making the maximum time between

landings (r/a - m/b) less than the time of (4. 32), and is givea by:

A
h> - ! a° - % + 1 (4.33)
oD L

= 1), a run

Using typical dawa (m = 7, s, = 3, v = 2, a=90, b =150, toD
of at least three take-offs between every run of landings (not considering

interposed take-offs as a '""run'") is seen to be sufficient to assure the

validity of th. assumption.

If the assumption is not satisfied, then it is necessary, in the
application of equation (4.9), to specify the relative frequency (ph) of all
% *
runrs of take-offs having length less than h , where h is defined as the

least integer greater than the right side of (4. 33).

For each such run length, a mean time Z'NDA must be deter-
h

mined accounting for the interaction between successive runs ot landings.
The interaction exists when Vn (the last landing of the previous run) is
fast and V, is slow, so that imposition of gate separation results in a long

1

landing interval. Specifically, interaction occurs when:

'CL # 5 [V 4 (h-1)t < n/V -m/V_ (4. 34)




R4 g RS

i

| R L

N ey wREe RN SRR

149
which can be described by:
(n - ro) Vn
< ———————re e .
Vl m+V t (4.3%)
n h
whe ce:
= (. - .
th L + (h -1) toD (4. 36)

Equation (4. 35) is of the same form as that fcr V in equation (4. 26) so that
the methods of Appendix C for determining Z; may e used to determine

b
’CDA (h=1, 2, ..., h" - 1). Then, for any specified value of & and

h
associated Py > equation (4. 9) for operations rate is used with Z-I-)A/ sub-
stituted for TDA’ where:
% G
r h -1 / h -1 -
pA © :;1 Py, Z;)Ah * K - hzl Py ] "pa (4.37)

*
where ZI_)‘& is the value given by equaticen (4. 31).

It is to be noted that DA is the value of DA to be used in

equation (4. 6) for the selection of an optimum run-length doctrine.

4.3.3 Interposition of Landings between Take-Offs

Although it has less operational meaning than its converse,
it is possible to consider the interposition of landings between take-offs

during runs of take-offs. We assume initially that long runs are performed.
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Letting yA represent the expected number of landings that can be inier-
posed between a pair of take-offs, and using )/D as defined previously, we
find that the time for the sequence of N operations (comprising NA landings

and ND take~offs) depends on the interposition rates as follows:

-

i. I )r’iNJ. > N, and )/J.Ni < Nj(i=AorD;if]), then
all i's can be accommodated between the j's and need not be run separately,

so that:

T -n 7. (4. 38)

2. o< )i < Ni/Nj for i= A and D (i # j), then runs of
both operations must be scheduled. NA landings and ND take-offs must be
performed. But since «)i ND landings can be interposed within the runs of
take-cifs, they require no time, and only (NA - -UAND) landings must be

scheduled. Since: take-offs can be interposed among these landings, it is

necessary to schedule only

ND~DD(NA-)/AND)=ND(1+VD )/A) -)JDNA (4. 39)

take-offs. But this reduces the number of lzndings that can be interposed,

so that:

NA-yA[ND(l+)/D){A)-UN 1= (N -}/ND)(1+)/D Yy 440

D A A A

landings must be scheduled. Continuing this process, the factor that appears

as (1 + )/D UA) in expressions (4. 39) and (4. 40)becomesthe geometric series:

- n y——

A meen

o




1+ ()JAUD) + (yA UD)Z + ... = 1/ -bA 2/D) (4. 41)

7
The time to perform the sequence of N operations with &/ cycles then

becomes:

/ . / oD

= Wy . -{n Y] - 12}
Z’N [Ny ) )/u *, -0 (4. 12}

A D
z
4 / AA g >~
-wy -V - )

PN, =) -3 (N -@)] 5 Y, (€ +Tpa)

Operations rate is N/ T

N’ and can easily be determined for any NA and

= = 1 icular.
ND’ and for NA ND N/2 in particular

An analysis similar to that for the take-~oif interposition is

D° Since it is

desired to interpose the landings without affecting the take-offs, it is

required to determine the landing interposition rate 4

recessary, for landing interposition to be possible, that:

tp > TL + x /b (4. 43}

where the right side of the inequality represencs the minimum time a
landing aircraft might "claim' the runway (including its claim during izs

flight from ro).
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The necessary condition for being able to interpose h landings

in a take-off interval is:

T -
toD > L + ro/b + to (h - 1) (4. 44)

and is rarcly met for h> 1, so that only the case of a single interposition

is considered. It is first assumed that a controller has sufficiently precise

control to deliver the arriving aircraft to T, at the moment the departing air-

craft begins its take-off roll (consistent with landi. g separation standards).

2

With these assumptions, the occurrence of interposition in an
interval depends onrly on the aircraft desiring to land in that interval and on
the time of the last previous interposition. Since there is no interaction

between arrivals separated Ly more than (n/a - m/b), only the previous

* -
- LI (4. 45)

|_ oD

take -off intervals need be considered, for an interposition in an interval
: *th .
previous to the k would have no effect. The square brackets in (4. 45)

represent '"the greatest integer in. "

AN L]

e
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We now define the following probabiliities:

Pr éinterpositlon occurs in an interval /the last

Py =
previous interposition vccurred in the kth previous
imervalj (k=1,2, «o., k, k +1)
4 = IR
PA = Pr { interposition occurs in an interval
1

As with take-off interposition, a Markov process cun here be defined on
&
the successive take-off intervals, this time with (k + 1) ergodic states,
where the process is in state k if the last previcus interposition had
: th . . .
occurred in the k previous interval. This process has the transition

matrix:

o
"

% .
K P k=1, .o, k +15j=1) (4. 46)

%
g k=1, .oo, K5 j=k+1)
qk*+1(k=k*+1;j=k*+1)

0 otherwise

The probability of an interposition, PA , is the probability that the
1 e
'rocess 15 in state 1. Letting Uk (k=1, 2. ..., k + 1) be the steady

state probability that the system is in state k, then PA is given by:

1

(k + 1) represents all intervals prior to the k”"h.
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k +1
= S 4, 47
PAl 2 P, U.K (4. 47)
k=1
where:
- 4. 48
U, PA (4. 48)
1
k-1 *
Uk=PA1 7/"‘ q, k=2, ..., )
i=1
%
k
Uy 4 1 =PA1 77/ GF U 41 Qe
i=1
i=1 ql
= Py 1-
1\ T %k
Letting :
= 4, 49)
U = A PAl (4. 49)

where Ak is the factor in parentheses in (4. 48), and using the condition

that:




we find from equation (4. 47).

P,
P = = had (4.51)
1 k +1

k=3

It is now necessary to determine only tte Py values. As in the

tak=-off situation, two requirements must be met:

TOA requirement: the landing, arriving at r, when the

first departure begins its roll, must be
off the runway by a time toD later in

order not to interrupt the take-off opera-

tions

T requirement: sutficient separation must have been pro-

vided from the last previous landing.

The TA requirement refers only to the velocity of the landing to be inter-

posed, and is given by:

’Z:+r/V<t
o 1

L (4. 92)

oD

or:

> -
v, r [t ’(”L) when Z‘L< t.p (4.53)
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The TAA requirement depends on when the last previous landing occurred.
If the last previous landing (Ao) was in the kth previous take-off interval,

then interposition is possible only if :

T = Max {n/Vl - m/V0 ; to} < (k-1) to (4. 24)

AA D

These requirements are depicted in the time-coordinate illustration of

Figure 4.3, where T1 = n/V1 and T = m/Vo. A landing can be inter-

0

posed only when T0 and T1 fall into the cross-hatched area and thus
sztisfy both the requirements. The probability of interposing a landing, Py
is given by:

pk = // f(to, fl) dto dtl (4‘55)

Cx

where the integration is performed over the cross-hatched area, Ck’ and

the density function { (to, tl) is given by equation (3. 27).

It can be seen from Figure 4. 3 that, when:

(k-1) t o < (afr ) (¢ - ’ZL) -m/a (4. 56)

satisfaction of the T, requirement implies satisfaction of the TAA require-
ment a fortiori, while, when :

K - > Ty -

(k - 1) tD (n/ro) (toD L) m/b (4.57)

the reverse implication holds.

wE

" (OPE
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Equation (4. 55) may be used to compute the set of Py > which,

with (4. 48) and (4. 49) may be substituted into (4.51) to compute P

A1
Since only one interposition is permitted,
V-
A pA1 (4. 58)

4.3,4 Conservative Estimate of 4Pp

In computing Ups the probability of being able to perform an
interposition when one was performed in the previous landing interval, it
was assumed that the interposition in the previous interval occurred as
early as possible in that interval, Such an assumption tends to produce a

high estimate of )/, since it minimizes the effect of the to requirement

D

in the following interval.

An alcernative assumption that the inte:position occurred as
late as pcssible in the previous interval would provide a lower bound to -
Under this alternative, the departure in the pravious interval would begin

its take-off roll at the time A1 is at r,a time rO/V1 before A1 lands.

In this case, the to requirement becomes:

D

ro/Vl * TAA B ro/VZ > toD (4.59)

while the ro requirement remains as in expression (4. 12).
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We now transform to time coordinates, where:

= = .6
T, n/V, and T, m/V1 (4. 60)
so that:
T,, = Max {TZ - T toj (4.61)
In the case where TAA > to, the toD requirement then becomes:
n O /n(m-ro)
> —_— .
TZ - n-r ) toD * m(n-r ) Tl (4. 62)
) k o
and the T requirement becomes:
-1,
T, SR, n T (4. 63)
> — n-r n-r 1
o o

These requirements are depicted in (Tl’ TZ) space in Figure 4.4, along
with the requirement that T2 - T1 > to. It is noted from expressions
(4. 62) and (4. 63) that the boundaries of the inequalities have slcpes that
are respectively less tnan and greater than unity. The probability 9p is
given by the integration over the cross-hatched region of Figure 4. 4,
using the density function of equation (3.27). If the boundaries do not

intersect in the region of positive probability, then one requirement

implies the other a fortiori.
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It may also be possible for one or both of the requirements to

be satisfied when TAA = to. In that case, the appropriate boundary would

cross the line T2 - Tl to. The probabilities in this case are found by

letting T to in expressions (4.12) and (4.59). The L requirement

AA T

then becomes:

< 4. 64
TZ - T ( )
o
and the toD requirement becomes.
n n
> — - — t -t 4. 65
TZ - m Tl T ¢ oD o) ( )
o
Figure 4.5 illustrates the situation where bc .h requirements
can ve satisfied when TAA = to. (The case where only one can be so satis-

fred is maerecly a special case of this more general one.} The regions

defining the requirernents are indicated by hatched lines.

Each requirement individually is seen to be satisfied in the

entire T 'I‘2 - space except for a wedge-shaped portion surrounding the

!7

line T2 - ’JI‘1 = to. The corners of the wedges rnay easily be obtained

from the equations for the boundaries. They both lie on the line
T, - Tl = to. The point labeled (1}, the miritnum value of (Tl’ TZ) for

which the ¥, requirement is limiting is:
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and the point labeled 2). the maximum value of (Tl’ TZ) for which the

toD requirement is limiting is:
%
mnt -mt {(n-r mnt
oD o ( o) oD
8 T ? 5 T
o o) o 92

4.3.5 Operation of Multiple Runways

Whiie the models developed explicitly treat only singie run-
ways, .t is possible to extend them to apply to some muitiple-runway situa-
tions. Major airports often operate with two equivalent parallel runways
sufficiently separated {3000 feet separation is currently required) so that
they can be used independently. This case can be treaz:~d with the

methods already developed.

The decision must first be .nade on the distribution of the
traffic load between tne twn runways. In generzl, to minimize delay, it
is a desirable policy to divide the icad {in terms of time) equally among
the two runways, since delay is a convex function (i.e., non-negative
second derivative) of runway utilization in all normal queuing situations.
If the load is aivided unequaily, the additional delay incurred by the addi-
tional utilization on one runway would exceed the delay avoided by

decreasing the utilization on the other.
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If the policy oa length of runs called for by relation (4. 5)
dictates large &/ and short runs, then frequent alternation of operations
would be performed oa both runways, and the runways would be operated
similarly at a rate per runway equal to that for a single runway. If the
policy calls for small W and long runs, then it would probably be expedi-
tious to schedule on one runway only the single operation that requires
the greater time (thereby creating the case of &/ = 0), interposing as
many of the other operatiors as possible, and pe-forming the remainder

of the operations on the other runway.

Considering that only take-offs are interposed, and that N

A
landings and ND take-offs must be performed, then the operation per-
formed on the first runway (Rl) is the one requiring the longer time

/T ’r .
l\.i “i (i = A or D), where Ni is given by:
p ’ Vs . .
N, :(Ni-(o)-)/i(Nj-a)) (i 4 ) (4. 66)
Without loss of generality, we may assume that:
I T >Nt T
Ny aa - Np DD (4. 67)

so that Rl is devoted primarily to landings. Ther, to equalize the time

load on the two runways, N landings are assigned to the first runway

Al

, take-offs on that runway)

(making possible the interposition of ND NA

such that:

L
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Na1 AA ! (Np - “p NAI ) )/D Ny - Ny, -« )] tD {4. 68)
- - ."‘ vf’ .I' Z‘-’ z,
PNy N m0T) G e (T, + 1)
The right side of (4. 68) expressing the time consumed by cthe (NA - NAI)

. i o .
landings and (ND ./D NAI) take -offs performed on R2 follows directly

from equation (4.7). Solving for NA] gives:

N_t +N. T +w (T +77)
v . _Dp'op"Ma “aa pa ' L (4. 69)

Al
W

Letting NA = N = N/2, the time to perform the N operations is N

D Al AN’

so that the average operations Tate per runway is given by:

S z (4. 70)

T -w [ -Vl t o+ Tpal +0(2p, +27)

which is identical to the operations rate for the single runway, an expected

result since newfer runway hinders the other.

If opera i0nal conditions are such that interposition is not possi-

ble an Rl’ and all take-offs (as well as additional landings) must be per-

formed on RZ’ then the average operations rate per runway is found to be:
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] o
A 2-24 tn ! Caa -
=(1-w)z'(1-)/D) t ot Taa bt w (Tp, + Cp) (4.71)

which is less than that for the single runway by the extia term in the

numerator because of the interposed take-offs lost from Rl'

When two runways are not parallel, they are often used by
performing take-offs on one and landings on the other. Since operations
on one inhibit those on the other, their combined operations capacity is
less than that for two independent runways. The operations capacity may
be estimated using the relations for a single runway, expressing the
effect of landings on one 2s an inhibition of take-offs on tue other. An
equivalent runway-occupancy time, /(:.L/’ represents the time the landing
aircraft delays a waiting departure. In the case of the single runway,
this 1s the entire runway-occupancy time. If the runways do not intersect,

but their extended centerlines intersect on the windward side of the air-

port {(as in Figure 4. 6), then it may be desired to hold the take-off as long

’
I

as the landing is still on the runway (and Z.L

e

LL) or at least for some

lesser time until the arrival is committed to a landing. If the centerlines
intersect on the leeward side, and if il is desired to hold the take-off until

the arrival crosses the runway, then /Z“L = 0; if the departure may be sent

as soon 2s the arrival crosses the intersection, or some other point short

of the runway, then Tlf would :ake an appropriate negative value. If the
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runways physically inte~sect, then < " would be the time ior the landing

L

. . . / .
aircraft to cross the intersection point, The valuss of ?L so determined

may be used in place of ' in the models developed in this chapter to

L
estimate the operations capacity of intersecting runways operated in this

maanner.

4.4 Results of the Operations Capacity Analysis

4.4,1 Parametric Analysis

Using the basic model described in Section 4.2, computations
were performed to investigate the effect of system parameters on inter-
position rate ()JD) and operations rate ( /{ ). Results were computed

for all combinations of the following parameters at the indicated levels.

1. mean velocity of the landing aircraft (V) (100, 120 knots)
2. range of the landing-velocity distribution (R) (40, 60 knots)
3. leagth of the common landing path (m) (4, 10 miles)
4. minimum distance separation at the common path gate
(so) (2, 3, 4 miles)
5. minimum time separation between landings at the runway
(to) (0.5, 1.9 minutes)

)

6. tio of sunway-  ti Tt
ratio of runway-occupancy time ( L) o to (kR

(0.5, 1.9)

) {1, 2 minutes)

7. minimum take-off time sep:c ration (toD

-

lm L o)

Y., st aed Al I P O WmEE YRR e
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8. closest location of a landing to permit interposing a take-

off () (2, 4 miles)

All “he results of these computations are tabulated in Appendix F. Some

illustrative examples are discussed in this section to indicat: some of the

parametric effects.

Both m and R influence system performance sirailarly.
Increasing either increases the variation in the landing time, particularly
by introducing long landing int-c¢vals. Thus, to reduce the number of
cases discussed, these two paramet2rs may be considercd together. Of
the m, R combinations studied, two arc presented herc: Case Max
(tn = 10 miles, R = 60 knots), the combination that produces maximum
landing interval variation, and Case Min (m = 4 miles, R = 40 knots), the

combination that produces minimum landing interval variation.

4.4.1.1 Effecis on Interposition Rate ( I/D)

In Figure 4.7, interposition rate is plotted against o for

the case whe e toD = 1 minute and T, = 2 miles (typical of radar require-

merts). It is seen that UD increases with s, since the resulting longer

landing interval provides additional opportunity for interposition.

When r = 4 miles, only combinations with tc> = 0.5 minutes were
calculated.
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Similasly, //D decreases as V and 'Z; increase. The two grapns of
Figure 4.7 compare the effect of variation in landing interval, and it is
noted that larger variation (Case Max) provides more opportunity for

intervosition. The cases presented consider to < l=t and no

oD’
effect of ' is noted; large t, values would increase yD by increasing

the landing interval. Increasing r, reduces the slope of the curves and
moves their abscissa intercept to the right. Increasing toD reduces the

slope of the curves. A high-speed turn-off on the *unway would reduce

Z L and increase the interposition rate.

We note that, with the exception of to (which has little eifect
on either rate) all the factors that affect landing rate have an opposite
effect on interposition rate. These conflicting effects are resolved in
operations rate, in which the complex interactions among the system

parameters are most significant.

4.4.1.2 Effects on Operations Rate ( %)

Operations rate is plotted against s, in Figure 4.8 for the
case of V = 100 Xnots, t(_ = 0.5 minutes, and T = 4 miles. By com-
paring Case Max with Case Min, we note that, when s, = 2 miles, Case

Min yields a higher operations rate than Case Max. As s, increases,

however, the effect of interposition rate on operations rate man‘fests

itself. In Case Min, Lr. = 0 for all s, less than some value between 3
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and 4 miles, consequently, /a drops rapidly as S increzses, reflecting
the landing rate penalty. In Case Max, however, interposition is possible
even for s, = 2 miles. so that the decline in landing rate is partialiy com-

pensated by 2n increase in and the degradation with s is less severe.
o

)

D,
We note that, for 3 < S, < 4, a higher operations rate is achieved in Case
Max than in Case Min, so that the apparently undesirable variation in

landing velocity becom - desirable when it can be utilized to achieve

greater interposition.

The effects of the other p. rameters may be roughly estimated.
Runway occupancy time ( 61) affects operations rate through its effect on
interposition rate, and variation in ZVL from 0.25 to 0.50 minutes is seen

to affect operations rate by about 5% in the cases shown { ZNL has no effect

when )/D =0, e.g., for Sy < 3 in Case Min). In the cases shown, halving

toD from 2 to 1 minute increase _perztions rate by about 50%, while
increasing mean landing speed from 100 to 120 knots improves operations

rate by about 10%.

An even more striking effect is nnted in Figure 4.9 in which
operations rate is plotted against S, for the case of L 2 miles, the
other parameters remaining the same as in Figure 4.8. The upper

right portion of each graph is the function

s ) =2 A (s)
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depicting the situations where MD > 1, in which case the operations rate

is twice the landir » rate, and follows the typical decrease of landing ra..

with s It is seen that, in some cases (e.g., t _ = 2 minutes, Case

oD
Min) the advantage of interposicion 1s sufficiently great that operatious
rate increases with s, In Case Max, where toD = 2 minutes, we note

that the effects of s, on larding rate and on interpositicn rate canczl, and

operations ratc is essentially independent of s,

4.4.2 Operations Capacity at Idlewild and LaGuardia

The operations capacity model may be ased to study the effect
of the various parameters at individual airports based on the traffix mix
characteristic of that airport. The results of such an investigation might
be an indication of the most effective direction for obtaining improved
operations rate or an indication of an optimum combination of parameters.
Values of landing rate, interposition rate, and operations rate were com-
puted for all rornbinations of the following parameters at the indicated
levels for the specific V and R characteristic of Idlewild and LaGuard:a
airports:

1. length of the common landing path (m) {4, 7, 10 miles)
2. required distance separation at the common path gate (so)

(2, 3, 4 miles)

3. required time separation at the runway (to) (0.5, 1.0,

1.5 minutes)
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4. ratio of runway-occupaicy time to t (kR) (0.5,0.75, 1.9)
o

5. take-off time separation (t_ ) (i, 2 rainutes)
“

D
6. closest location of a landing to permit interposing a
gtop 4

take-off (r_) (2, 4 miles)

The results are tabulated in Appendix G, and some of the highlights are

discussed here.

Figure 4.10 illustrates the landing rat~ at LaGuardia for the
case where r = 4. Because of the severity of the T, restriction, inter-
position is rarely possible, and operations rate is limited primarily by

the take-off interval, to . Runway characteristics (to and k_) have

R

relatively little effect on oparations rate. The effect of s, is slightly

D

greater when to = 1 minute than when to = 2 minutes since, in the

D D

latter case, operations rate is more tightiy restricted by t whiie the

oD’
effect of s, on landing rate is mcre readily reflected in operations rate

when t is small.
oD

Figure 4.11 illustrates the operations rate =2t Idlewild whan
r = 2 miles, a value more representative of operation at radar-equipped
airports, and indicates the variety of the parameter interactions in deter-
mining operations rate. When toD = 1 minute, it is noted that increases
in s are advantageous when runway occupancy time is shorter than to

(the solid curves), whereas it is disadvantageous when the landing
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aircraft occupies the runway during the entire to interva. (the dashed
curves). Thus, increasing the opportunity for interposition by increasing
S, is desirable only when the interpositiocn can be used effectivery and
when ihe increased interposition rate is sufficiently great to compensate

for the reduction in landing rate. When tp* 2 minutes, interposition

D
is sufficiently effective to result in an increase in operations rate with S

in alimost all cz ses.

Figure 4. 12 illustrates the data of Table 4.1, which indicates
the effects of the various tirne separations on landing and operaticns
rates at Idlewild and LaCuardia. The values oi X e ™M, S, and kR are
fixed at the typical values indicated. It is noted tha!l reduction of either
to or toD over the ranges indicated provide appreciable improvement
in potential operations capzacity of the runway. Reducing to from 1.5 to
0.5 increases /,q by 40 - 43%, waile a reduction in to from 1.0 to 0.5
increa ses/q by 17 - 19%. In contrast, it is noted that comparaole
reductions ir to increase landing capacity by 17 - 21% and 11 - 14%
respectively. It thus appears that operations capacity can be appreciably
increased by installation of high-speed turncffs which would redace toand /C’L
although ne such comparable incres se is obtained in ’anding capacity. The
improvement results from the additional opportunity previded for inter-

vos‘ng take-offs betveen landings when the landing aircraft can be removed

from the runway eariier.
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TABLE 4.!
RUNWAY PERFORMANCE MEASURES AT IDLEWILD* AND

LAGUARDIAM FOR SEVERAL VALUES OF t, AND toD

m = 7miles ke ® ’Z;‘/zo ., 7%
r = 2 miles s = 3 miles
() o
/4
Terminal to(mln) toD(mln) 7.(landings/hr.) )/D (operations/hr,)
1 42. 4 .61 66,5
5

2 " «50 49.7
1 40.1 .30 54,6

I1dlewlld 1
2 " «30 41.4
1 35,1 .13 46, 6

1.5
" 13 4.8
37.5 .71 63.5
.5

" .58 49,3
35,6 . 42 52.9

LaGuardia | 1
" 37 40.7
32,0 22 45,3

1.5 —_ —— -

" .21 34.8

-
V = 129,8 knots R = 47.8 knots

##V = 116.7 knots R = 51,4 knots



Reduction in take-off separation provides a simllarly large
incroase in oparctions rate - halving toD increases ¥ by 29 - 34%.
This might be accomplished by sequencing o1 departures ‘o assure that
sepirate routes are followel by successive aircraft or by maintaining

close ~adar control on the departure routes.

It is noted that the difference in the aircraft characteristics
of the two airports affect operations capacity less *han they affec. the
lunding capacity, primarily as a result of the cancellation of the opposite
effects on )/D and A . For simlilar reasons, changes in m would
have little effect on operations rate. The effect of T not indicated in
Fligure 4,12 would be large, but only the radar case of r, = 2 miles is

presented since all major terminals are radar-equipped.

In addition to an indication of relative effects, .he data may
be used to roughly estimate che absolute value of operations capacity.
Using a value of to slightly greater than 1 minute and a value of toD of
about 1.5 minutes, an operations capacity of 40-45 operations per hour
is noted, consistent with current experience although slightly higher

since it is assumed that the separation standards are exactly adhered to.



CHAPTER 5

CONCLUSIONS

The investigations reported herein make it possible to delin-
cate some of the significant factors affecting airport capacity, and to
draw some conclusions regarding potential means for increasing that
capacity, Thase are reported in this chapter. Since the applicability of
these conclusions is limited by the extent to which *he physical situation
being studied is realistically represented by the assumptions of the
model, some of the major assumptions are discussed to indicate the
extent of the models' limitations for general applicability. The chapter is
concluded with some discussion of the directions in which this research

may be extended.

The capacity of a runway and the factors affecting capacity
depend on whether that runway is used for only a single operation or for
both landings and take-offs. It appears that when interposition is possible
the operations rate for theairport is maximized when operations can be
mixed on the runways in use, thereby retainiiig the advantages resulting

from interposition.

183
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It is also nocessary, in operating the runway, to decide whether
long runs of landliogs and take-offs should be performed (with interposition
wherevor possible) or whether operations should be alternated by inten-
tionally spacing the landings so that a take-off can be inserted in every
landing interval., Such a decision can be made based on the criterion of
relation (4. 6) and the variations of it discussed in Chapter 4, It can often
be expected that the decislnn will dictate intentional alternation of opera-
tions, but this is not always the case. When the take-off interposition
rate s high, more may be lost by intrntionally handicapping the landing
rate to provide alternation of operations than if the take-offs that could

not be interposed were performed as & separate run,

5.1 Improving Landing Capacity

When considerations dictate the use of a single runway for
landings only, then it is desired to maximize the landing capacity of that
runway, This can most effectively be achieved by a reduction in the dis-
tance separation required at the beginning of the common landing path (ao).
The current separation standard of 3 milas should be examined to deter-
mine whether it can be reduced without endangexring safety; it might be
possible to reduce s in only those cases where a slow aircraft follows
a fast one, thereby reducing the extremely long landing intervals, Separa-
tion might be reduced by increasing the effective nrecision of radar
observation either through more frequent observation of relative aircraft

positions or through more precise radars,
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Landing rate could be appreciably increased by increasing the
mean of the landing velocity (V), or by decreasing its spread (R). But,
by tradition and pollicy, little manipulation is possible with these param-
etars., It would probubly be difficult to convince pilots to {ly faster than
they desire, since they generally want as long a time as possible for the
transition (after breaking out of the clouds) from instrument to visual
flying before touchdown. It might be possible to sp. 2d up the slow air-
cruft, which deteriorate landing capacity most seriously, and which are
probably most capable of operating at higher speeds since they already
have the longest transitior. time. Requiring all aircraft using the airport

to adhere to some pre-determined minimum speed is an alternative tech-

nique for changing V and R.

If R is large, then advantage would accrue from shortening
the length of the common landing path (m). This might be achievecd by
relocation of a radio facility (e.g., the outer marker) which all aircraft
must overfly or by a change in standard procedures, keeping these
changes consistent with the minimum distance required for stabilization

on the final approach.

The minimum landing separation (to) represents the maxi-
mum runway-occupancy time that might be expected, and could be

decreased by construction of high-speed turnoffs. The landing capacity
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advantuye that would rosult from such construction appears to be relatively
amall when t has a valuc of 1| minute consldered typical of current opers-
tion and the required yate separation is 3 miles. Where larger to values
oxist or when the gate separatiuon is reduced, the advantage would be

correspondingly greater,

Based on a preliminary examination, sequencing of arrivals
in an order other than first-come-first-served appears to ofier little
advantage in terms of landing capacity, particularly since substantial gain

would be required to overcome the traditional resistance to priorities.

5.2 Increasing Operations Capacity

When landings and take-offs are performed on separate runways,
or when the two types of operation are otherwise performed independently,
the operations rate ls improved by improving either individually, and the
conclusions of the previous section would all apply, in addition to techniques

for reducing the time interval between take-offs.

The more common situation is the one in which a runway is
used for both operations, and it is pussible to interpose take-offs between
landings. All parameters that a{fect landing rate (except to) affect landing
rato and interposition rate oppositely, so that the effects of any parameter

on operations rate depend strongly on the values of the other parameters.
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Consequently, the situation must be examined individually for vach case to
determine these effects. Undor certain circumstances, for instance, cvon
an increase of gate separation, which would adversely affect landing rate,
may lncrease operations rate by providing greater opportunity for inter-
position of take-offs. The data of Appendices F' and (i may be used to

cover many cases of interest.

Operations capacity is significantly affected by the location of
L the point outside of which a landing alicraft must be to permit inter-
posing a take-off before the landing. If L is large, then interposition will
rarely be possible if landings are run as close as possible, and separate
runs of take-offs must be conducted. Since r, is determined largely by
the runway-occupancy time of the departing aircraft, it is possible that
high-speed turn-ons might provide some advantage if they could appreciably
reduce the time of the take-off roll. Since the take-off must be held until
the runway is clear, however, this possibility appears to be limited.
Furthermore, the turn-on may introduce othier operational problems (e. g.,
steering difficulties) during the high-speed run on the turn-on. In those
cases where r," 4 miles (i.e., airports not equipped with radar), the
reducticn of r, to 2 miles is another of the many auvantages associated

with the introduction of radar,
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The operations rate is clearly affocted by the minimum time
interval betwoon successive take-offs. These values are currently set by
operational procedures, which should be re-examined to determine If these
separations may also be reduced without comnromising safety. Radar
departure control provides opportunity for closing the departure separa-
tions. Where ANC separations of 1, 2, or 3 minutes (basud on respective
courses) are required, the first-come-first-served separation should be
over-ruled when two aircral. uaving identical courses arrive successively;
an aircraft intending to operate on a different course should be interposed

between the two.

Reduction of runway occupancy time by techniques such as
high-speed turnoff, while of little merit for raising landing capacity, can
appreciably increase operations capacity when the runway is used for
mixed operations by clearing the landing aircraft from the runway earlier,
thus providing greater opportunity for interposition of a take-off. Prob-
lems of long time for dissipution of turbulence behind some aircraft must
be considered in evaluating the minimum interval between operations on

the same runway,

Sequencing procedures, which also appear to provide little
advantage in a landing-only situation, might contribute appreciably to
operations capacity. The long landing intervals that appear to ‘nevitably
develop when some of the landing intervals are made short can be used

for interposition of take-offs, thus making the procedures practical.



% ) Limitationr of the Moduls

In tho practice of operaticns research, it has been found that
system models are valuable dovices {)* obtaining an understanding of the
operntion of A system and as resoarc | devices for perforring some pre-
liminary investigations into the systoir's operation without the expense
and difficulty of interfering with an cperating system or constructing a
designed system. A '"system model" |3 basically a mathematical repre-
sentation of the relationships among tio paramecers characterizing the
system. Formulation of a model req..res first a specification of a set
of postulates or assumptions regarding the manner in which the system
operates, and then involves mathema'i:cal manipulation of these primary
relationships. A certain minimum sct of assumptions is necessary to
provide a starting point for the analysis; additional assumptions are
imposed for analytical convenience and to make the analysis tractable, or
to emphasiz2 in the model specific interactions in the system which are of

particular interest.

The ability to extrapolate to the real world the results derived
with the model is obviously limited by the extent to which the model's
assumptions represent the real world. The assumptions are always an
idealized abstraction of reality, and are never oxactly satisfied in any
complex operating system, particularly when human behavior is involved.

It is thus necessary for anyone contemplating application of a model, or
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the conclusions drawn from a model, to critically examina the correspond-
ence between the real world ho Is studying and abstract world of the model,
and to determine the effoct of thelr differences on the decisions to be made.
He must decide whether the assumptions of the mor.el are adequately satis-
fied and the results may be applied, perhaps with some slight modification,
or whether the mondeol is inapplicable and an alternative formulation is

necessary to describe his particular situation,

In this nection, some of the more important assumptions of the
models developed in this study are discussed., The discussion indicates
the reasons for some of these assumptions, the extent to which they may
differ from reality, and the author's opinion of the effects of these differ-
ocnces on the major conclusions darived from the models., Modification of

the models to conform more closely to reality are indicated.

5.3.1 Use of the Rectangular Velocity Distribution

Most of the numerical results generated in this study have
been based on the assumption of a uniform velocity distribution of arriving
aircraft., The actual velocity distribution is never exactly uniform, nor
does it follow the discrete distribution considered here as an alternative.
Rather, the true distritution is probably a continuous one that resembles
the discrete distribution with variation about the specified velocity of the

alrcraft types.
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The velocity distribution enters in the determination of landing
capacity, queuing delay moeasures, and interposition rate, It has been
shown (in Appendix E and in Section 3. 4) that the difference in landing capa-
city between the uniform and the discrete distributions for a reasonable
sample of distributions and system parameter values is very small, so that
it appears probable that conclusions derived using the uniform distribution

would hold for the actual distribution,

Inthe queuing analysis, the {irst two moments o, the landing-
time distribution enter the mean delay and quetue length equations. The f{irst
moment (mean landing time) has been shown to be relatively independent of
the form of the distribution., The second moment would probably also be
relatively independent of the distribution forms, since both the {irst and
second moments of the velocity distribution are equated In forming the
uniform distribution. Consequently, the author believes that the delay
estimates wre sensitive to the first two moments of the velocity distribu-

tion and relatively insensitive to its form,

The entire landing-time distribution is vsed only in the estima-
tion of interposition rate, and then only at a few points (rarely are more
than three points used). It can be seen from the data presented in Appendix
E and in Section 3. 7.2 that, while the agreement is not as striking as with

mean landis , rate, the landing-time distribution with the uniform and
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discroto distributions agree reasonably well, the probability sAA rarely
differing by as much as 0,1, Percentage errors are greatest in the right
tail, but the absolute differences are the more important, and these rarely
exceed 0,05 in the tall, so that a relatively small error is introduced into
the computation of interposition rate. A better fit might be obtained by
fitting a three-parameter family of distributions, such as the triangular
distribution, in which the third parameter would provide a measure of

skewness of the distribution,

On the basis of these considerations, the author believes that
the results are relatively insensitive to the assumption of the uniform
velocity distribution, and would be little changed if the actual distribution
were knovn and used. The results are sensitive, however, to the mean
and to a lesser extent, the variance of the actual velocity distribution, as
can be seen from the parametric investigations, so that it is important

that these be known correctly,

The slight errors caused by the use of the uniform distribution
are, in practice, compensated by the convenience of characterizing the
velocity distribution by two physically-meaningiul parameters as well as

the analytical convenience of working with the uniform distribution.
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5.3.2 Runway-Occupancy Time Assumption

Runway-.occupancy time is represonted In tha operations capa-
clty model by its mean value, ’CL. In roality, runway occupancy time
varies stochastically about this mean value, and depends on the runway
exit used, on the alrcraft type, and on individual diffocrences among pllots.
A more realistic representation of runway-occupancy time would be as a
discrete chance variable, as suggested in Section 4. 3.1, in vthich the run-
way exit used would be the chance variable, and the runway occupancy time
would be fixed for each exit. An even better representation would involve
use of the joint distribution { (Vl, TAD) of aircraft landing velocity and
runway-occupancy time to deterniine the indicated probabilities in equations
(4. 14), (4.15), and (4,20)., The analysis would then require the determina-
tion of the joint distributions (which would probably be done empirically)

and integration over these distributions (which would probably be performed

numerically).

These changes would affect the results of only the operations
capacity analysis and would probably tend to reduce the interposition and
operations rates, The very short landing intervals (where interposition
does not occur in the present model) are asscciated with the situation in
which a slow aircraft is the first of the pair (Al)' These slow aircraft

generally have short runway-occupancy times, but the reduction below the
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average would probably do little to improve interposition rate since the
landing interval is small and a reduction even to zero runway-occupancy
time may no. permit an interposition. The long intervals, on the other

hand, occur when A, ic a fast aircraft, which is likely to have a long

1

runway-occupancy time. Since interposition generally can occur in the

long interval, the increase in the runway-occupancy time may occasionally

prevent an interposition. Thus, a bias appears towards reducing the

interposition rates when the joint distribution of V., and TA is intro-

D

duced. Thc zuthor conjectures that the effect of this change is not large,

1

particularly in examination of parametric effects, since it would probably
serve occasionally to eliminate at most a single interposition in a long

landing interval.

5.3.3 Representation of the Controller

In formulating a model of any system in which human perform-
ance plays a major role, representation of the human operators is gener-
ally the most difficult and the least valid nortion of the model. In the
models developed Lere, the intertion is to represent the controller
basically by the set of standards by which he scpposedly operates. He is
considered to perform with perfect judgment in ordering aircraft onto the
common landing path with appropriate spacing; he is considered able to

place A

5 exactly s, miles behind A [when V

*
2_<_ v (Vl) ] or, when

VZ > v (Vl)’ an exactly-computed distance depending on the values of
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-

L] unul —— —— Sm— w——




RS R by iii

S B

195

V1 ¢nd V2 such that the time separation between the landings is exactly
to. The capacity thus determined represents an ideal performance, and
represents an upper bound to attainable performance when the standards
arc obeyed. At meny airports, the controllers tend to operate conserva-
tively and to install additional separation to account for their errors, and
their rates would be lower than those shown here. Often, however, partic-
ularly at the larger airports at times of peak demand, the controllers tend
to aim for specified separations, but to tolerate s.parations that go below
the standards if it appears certain that no dangerous situation is likely to
develop. It may even be that, under saturation conditions, the controllers
actually aim for a separation less than the standards, since they recognize

the conservatism in the standards and are faced with the immediate prob-

lem of moving a large number of waiting aircraft onto and off the runways.

Most other analyses of the landing problem consider the effect
of wave-offs as reducing the landing rate. A landing aircraft is waved off
if it appears that the runway will be occupied (generally by the preceding
arrival) when it would touch down. If to represents the true maximum
runway-occupancy time, and if to separation 1c always maintained
between successive landings, then there is no wave-off problem. In
specifying values for to’ however, it more precisely represents a prac-
tical maximum, which is occasionally exceeded, and the controller often

may violate to . Thus, the actual landing rate would be lower by the effect
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of the waved-off aircraft which do not land but which consume time in the
landing sequence. If a wave-off rate is known, this may be expressed
easily in the models., Otherwise, one may be computed using the joint dis-
tribution of landing separation and runway-occupancy time, which would

have to be determined experimenrtally under saturation conditions.

5.3.4 Computation of Operations Capacity

Computations using the operations capacity mode: were per-

formed only for the case of & = 0. Section 4. 3.2 indicates the analytical

procedure for dealing with the case of & > 0, and requires specification
of the frequency cf certain short run lengths. In conversations, con- l
troliers have indicated that they do attempt to space the landings a2s close .

together as possible, allowing take-offs to be interposed wherever possible,
and that it is not until a reasonably long queue of take-offs has developed
that the Tower asks Approach Control to discontinne the landings while the
take-offs are dispatched. The alternate procedure of requiring a greater
spacing between landings to allow more frequent take-off interposition is
also used, however; it might be studied with the &' = 0 model by using

an tncreased value of so.

The assumption is made that interp-sitions in the second-

previous landing interval would not affect an interposition. This assump-

tion can be violated (and then only with small probability) in only a small
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number of possible situations in which parameters assume extreme values
and which are ot lictle practical concern. These cases could be treated
with the techniques for the k-state Markov process developed in Section

4.3.3.

The most complex process investigated here is the one of
interposing take-offs between landings when both the toD requirement and
the T, requirement must be satisfied, i.e., a take-off had been inter-
posed in the previous interval. Consequently, the assuraptions made in
computing U most of which were made for analytical convenience, are
the most tenuous ones in the models. Further investigation 1s thus
probably warranted in applying the model to those situations where inter-
position of take-offs is frequently limited by the need for maintaining

separation between departures.

The assumptions that the take-off in the previous interval
occurred as early as possible tended to over-estimate aQp and, con-
sequently, UD' Use of the more conservative assumption of Section
4. 3. 4 could provide an under-estimate of 9. (If results witn the two
differ only slightly, then the choice of assumption is immaterial.) Sub-
stitution of the more conservative assumption would reduce operations
capacity, and by reducing interposition rate, might make less attractive

those parameter changes which tend to increase operations capacity

through increases ir interposition rate. Tbris effect results from the
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increasing slope of the curve of operations rate as a function of inter-
position rate, A more complete anaiysis would require determination and

> of th tual distributi f T .
use o e actua tstribution o DA

5.4 Extensions of the Research

This study has produced an analytical tool which can be used
to study quantitatively an area that has produced much emotional debate --
the landing and operations capacity of airports and means for improving
them. With this tool,it is possible for anyone who accepts the inherent
assumptions to insert his own numbers to determine the capacity resulting
from those vulues. Less easily, he might change some of the assumptions

while keeping the basic framework of the model.

Extension of the research reported herein might be aimed in
two primury directions: application of the models (with the extensions
indicated, if necessary) to specific operational situations at individual

airports, and theoretical extensions of the model.

Application would require data gathering in the specific situa-
tion being studied to obtain estimates of the parameters needed in the
model. The model aids in this respect by iu:dicating the important data
to be collected. In the process of gathering the data, the assumpt: ns

inherent in the model should be examined to ascertain whether they apply

o
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to the particular situation being studied; if not, variations in the model
might be necessary. The model could then be used to determine the air-
port's capacity, which would be compared to the peak demands predicted
for the future to determine if capacity must be increased to meet demand.
Some alternative techniques for raising capacity could be evaluated with

the model.

The model could also be used in the current fast-time ATC
simulation efforts. The analytical formulation helps to delineate some of
the most significaut factors in terminal operation, which should be

expressed in the simulation. In a simulation of the enroute system, in

which the terminals are expressed only in terms of their operations rates,

the model may be included in the simulation to compute the capacities of

the individual airports.

Theoretical extension lies in 2 more complete formulation of
the model to provide better estimates of capacity under varying conditions
and in the use of the service rates derived with the model in queuing
studies to determine delay measures. The landing capacity model should
be extended to a consideration of the effect of controller error in spacing
the aircraft at the runway gate, and to consider the effect of these spacing
errors and stochastic runway-occupancy time on the reduction in landing

rate through wave-offs. The operations capacity model should be




200

extended aiong the lines indicated in Section 4. 3. Computation of 9p-

particularly for large values of to , could be improved by determining

D

the distribution of TDA for the last interposition in the previous interval.

Expression of T and TAD’ particularly the latter, as chance varialies

DD
would provide a more complete model of operations capacity, Computa-
tions should be performed with values of & > 0. More complete examina-
tion should be given to the problem of multiple runw +s. Q:reuing models
with a single server (the runway), multiple queues (landings and take-offs),
and appropriate priority rules concerning the interaction of the queues,
particularly the interposition of take-offs between landings, would have to

be defined to arrive at estimates of delay, thereby permitting an ecencmic

assessment of improvements in capacity.
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APPENDIX A

DETERMINATION CF MEAN LANDING INTERVAL

pw
C

AA

Referring to Figure 3.2, we consider first Case A, where
s > bt .« Since
o o

*
v (Vl) = nV1 / (m-i-V1 to), (A-1)

B3
there is some c (a < ¢ < b) such that V (c¢) = b, The value of c is
tb a given by:
c = mb/(n-b to) (A-2)

Using equation (3, 2) for TAA (Vl, VZ) and equation (3. 6) for f (Vl’ VZ)’

and substituting these into equation (3. 4) yields the following integral:

c ANS
2
Z;A (b -a)" = / d V1 / (n/V2 - m/Vl) d V2 (A-3)
a a

b b c b
- T
+f dvl f (n/V2 mlvi) dV2+l(d\I[ to dVZ
C a

a V'h(V |
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Performing the integration with elementary methods vesults in:

b -a)} T

AA T (nc + mb) loge (c/b)

i (nkd. ' nb; luge (u/d[

+(c—a)nlogen-(n-tob)(c-a)

(A-4)

+ (n/to) [(m+a to) loge (m+a to) -(m+c to) loge (m + ¢ to) ]

In Case B, where a to < so <b to’ the integral becomes:

b
\' (VI)
2 o~
(b -a) “ap T dV1 (n/VZ - rn/Vl)dV2
a a

b b
+/dvl [ todv2
a

r’V'
vVv,))
which, when integrated, yielcs:

(b - a.)2 Z‘;A = {ma + nb) loge (b/a)

+(b-a)nlogen-(b-a)(n-tob)

(A-5)

(A-6)

+ (n/to) [tm+a to) loge Im + a to) -{m+b to) loge (m+b to) ]
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In Case C, where S <a to’ there is some d (a<d< b)

such that V:‘< (d) = a2, which is given by

d=ma/(n-2at]). (A-T)

C is then given by:

AA
b V)
b-22C =m-a)°t +[ av (a/V. -m/V, -t ) dV, (A-8)
AA o 1 2 1" %9V
a a
which integrates to:
-2 & =n(b-d) log (n/a)+ (nb+ma)log b (A-9)
NG og, (n/a nb + ma) log -

- (nd + ma) loge d-(b-d)(n-2a to)

+(b-a)2to+tl {(m+dto)loge(m+dto)
[o]

- +
(m+b to) loge (m+b to) ]
All three of the above cases can be covered in a single equation
® - 2> T, (x, y) = (nx + mb) log_ (x/b) A-10

- aa (% ¥) = (nx + mb) log_ (x (A-10)
+ (ma + nb) loge b-n(b-y) loge a

- (ny + ma) loge y+(x-vy}n logen
-n(x-y)-bto(x-a)-ato(y-a)

+ (n/to) [(m+y to) loge (m + y to) - (m+x to) loge (m + % to) ]
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where the arguments x and y are given by:

/ .
x = Min b, cly (A-il)
~ s

y = Mavia 4} 1A-12)

&
In Case D where V {a)> b, then TAA > to for all (Vl’ VZ),
and Z;\A is given by:
b L
> (
- = ‘ - -
(b - a) Z;A av, }, (n/V2 m/VI)dVZ (A-13)
a a

which integrates to:

s

C -

o
AA b-a

log_ :—

#
In Case E, where V (b)< a, then TAA =t = ZJ

for all (V,, V).

nxne
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APPENDIX B
DERIVATION OF LANDING-TIME DISTRIBUTION § AA (t)

‘The time interval between successive landinge is a chance
variabie whose value is given by equation ¢3,2). The larding speeds of
successive aircraft are assumed to be independently distributed with
identical uniform distribution given by equation (3.6). The landing-

time distribution is derived by first transfo.ming to time variables:

= =m/ -
TZ = n/V2 and ’I'l =m/V, (B-1)
The Jacobian of the transformation is given by:
-n/_ 2 0
) mn
m_ | STz (B-2)
0 ¢ 2 1 2

The T's are monotonic (decreasing) functions of the V's, so that the

density function of the T's is given by-

nl'bitzin/a
flt), t,)=——"— S m/b<t <m/a (B-3)
(b - a) tl t2
(b # a)

= 0 elsewhere
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The distribution function

SAA(t)=Pr gTAA?_t}=Pr {T2_>_Tl+t} (B-4)

is the complement of the cumulative distribution {uaction, It can be

determincd by integraticn over the (T TZ) disiribution. Figure B-1

1,
illustrates the various possible values of the line T2 - Tl = t0

in (tl, tZ) - space [with the case designations corresponding to those
shown in Figure 3,2 for (VI’ VZ) -space]. For any case, the entire

probabiiity below the line is concentrated at the line giving the positive

—_ - \
Pr {lAA = tojso that SAA (t) must be computed only for t > to.

The computation is illustrated for Case A, as depicted in
Figure B-2, It is seen that any t, <t< (n/a - m/b), is represented

by a 45° line and S

AA (t) .s the area above the line, as illustrated by

tte dotted line and shaded area in Figure B-2. The SAA (t) function

is ¢uatinuous but must be defined piecewise. Thus:

. | ) } ]
SAA({° i so/a <t < n/a-m/b (B-5.1)
nfa -t n/a
/
=____Y§_n_2__ ( dtl ’ '——21——2' dt.’
(b - a) / ) t. ¢t -
1 2
m/b tl+t

[E——

W"m“m‘m‘wm*mmm




/]

()
n/a

‘otc) ceaaseen

1,{8}
n/b

t,la)

to(0)
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: = CONDITIONS

: ! bt <8,

: : aty<s,<ht,

3 SN

: i v*a)>b

: vMbi<a
/ g ; [] o
............ S SRRV SOUPN SOOI RIS N SO SIS S

FIGURE B-I

FIVE CASES IN (T, ,T,) SPACE
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FIGURE B-2
DETERMINATION OF S,,(t) FOR CASE A
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' !
< Jot = - .2
SAAétlso/b _tiso,aj SAA (so/a) (B-5.2)
m/a t. +s /a
1 o
PR / at / N di
b 2z ! 1 / 2,2 2
(b -a) / 12
m/b tl+t
SAA[t/to< t< solb‘} = SAA (solb) iB-5, 3)
1
F -t tl+s /b
mn 1
+ -——-—2 dt1 > 3 dtz
(b -a) t1 t2
m/b n/b
=2 t. +s /b
a 1 )
mn 1
+——-——-——b )‘ dt1 / -———tztz dtZ
(b-a 1 2
—b——t tl+t

Using elementary methods to perform the integration

indicated, SAA (t) is determined, for Case A, tc be:
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' ]

- - iR ./
SAA((tI oc 5t§toJ 1 {B-5.1)
Saa ; t/ t, <t < solb} = (B-6.2)

\
> ! > 2[mb-an+t(b2+a2-ab)]t+mnloge(m+dt)n(n'bt)}
t (b-a} m
r'e
n - at mn m ° at
SAA{t/so/bitﬁso/a( S ta) Tz 2 %8 mybe
4 t (b-a}
(B-6.3)
s
! o n m) 1 f
[ t|] —<t< — - —/! =—5—— Jtb(n-at)-atm
AA! / a a bj t2 (b_a)z
(B-6. 4)
-mnloge [(n-at) (m+bt) / a ]}
2
R . .~><-)= 0 (B-6.5)
SAA{tI a T 2t

As can be noted in Figure B-1, the function {B-6.3) is
meaningless for Case B since so< b L. Similarly in Case C,

(B-6. 3) and (B-6. 4; are meaningiess. The distribution is given in

both of these cases by the valid portion of (B-6), using to as the lower

bound on t in the last portion., In Case D, TAAZ n/b - m/fa> to’ so

that to must be replaced by t;, wheare:

/ )
t’ = Max } t; n/b- m/a}
o] ( [o]

In Case E, T takes the constant value to.

AA

-
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APPENDIX C

DERIVATION OF Z‘;

The L requirement for interposing a take-off in a landing

{nterval is given by:

Tpa > Z”L +or /v, (C-1)

It is necessary to determine e‘;, the average linding interval given
that the T, requirement is satisfied, We consider first only the case

(Case I) where

- ?’ -
ro/ (to L) > b (C-2)
which is a necessary and sufficient condition for:

n m
TAA = —v-—z - -V;. > tO (C-3)

for all (Vl , "2) that permit interposition. In this case, the T
requirement is:
m-r)/V,-miv, > C (C-4)

L .

This {s met for:

Vz < Vv (Vl) (C-5)
where:
(n - ro) Vl
Vv s e (C-6)
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~ s
The V function is of the same form as V , and could occur in the
corresponding fiive cases shown in Figure 3.2, The desired ZJI is

the expected value of (n./V2 - m/Vl) in the region below and to the

right of the appropriate curve. In Case ID, Zl = ?AA’ and in

Case 1E, T =7

= t . In the remaining cases 77 is determined
I AA o e ’ 1

by integration. Thus, in Case IA,

e Viv) b b
(! (’
i n m n m
av (e -2y dV., + | dvV —_ - 2.9)4dv
1} v, ~ ¥ 2 1) v, V) 2
T_ a a e a
I e Vv,) b b
1
/ ( (
dv1 av, + ) dv, ’ dv,
a e 2
(C-7)

where V (e) = b, The denominator in (C-7) is the normalizing
factor equal to ®% of equation (4,17}, The integrations are performed

by elementary methods, and yield, for the numerator N

I:
NI = ne loge [(n - T efal- na loge (n - ro) (C-8)
m(n-ro) zje+m
-nG(e)+nG(a)-—-—z—~—-loge m
L L

+ ma loge (e/a) + n (b-e) log_ (b/a) - m (b-a) loge (b/e)

where G (x) = [ (Z..‘Lx+m) / C’L] loge( TLx+m)

e o

- ——
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The denominator integrates to:
0\/

—~ = [{n - S - ~a Cc-9
ag = [in r )/ L alle-a] (C-9)

mi(n-r ) e+m

0 L
TT7E . B Tawm Y-k
"L

Similar expressions can be derived for Cases IB and IC.

All three cases can be covered by tue general expression:

Co v = N, y) [ ag (x, y) (G-10)
where:
(n-r)x (n-r)y
N (x, y):nxloge — - nyloge = (C-11)
m (n - ro) Z;‘x+m
-nG (x)+nGy) - 72 loge ’C‘Ly+m
x b b
+maiogeT -;-n(b-x)loge T-m(b-a)loge-;‘—
n-ro m(n~r°) Tx+m
a5 (%, v) = = -al{x-y)- =2 loge 3o (C-12)
L L

+(b-x) (b-a)
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where:

_ bm
€= n-r-aT‘L
am
f= n-ro-a’(’L

7=
Thus, in Case IA, (A= C(e, a)
in Case 1B, € =7 (b, a)

in Case IC, 77=71](b, {)

(from v (e) = b)

(from V (f) = a)

o - B e e
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APPENDIX D
7:’\4

DERIVATION OF a5 AND I

WHEN a < /¢ -CT)y<op
a ro ( o~ vL)
ssi Z < TH=
The expression for pin Case I [b x‘o/(t0 L) Al
is developed in Appendix C. If A< a, then a5 = 1 and (1 = ZZA .
In Case II (a < A < b), interposition can occur in two ways by (Vl, VZ)

being in either of the shaded regions of Figure D-1 represented by

the inequalities:

(n - ro) V1 ~
Vaf v m o= VYY) (b-1)
1 "L
vZ > ro / (to - ..L) = A (D-2)

It is necessary to find the size of the shaded regions (for qﬁ) and the

expected value of TAA ir the shaded regions (for Z;).

Both egnualities are just satisfied at:

mr

v v 2 (D-3)
1 n(to-’("L)-r° to

x A
We notice that V' (V) = A, and, by differentiation, that:

~ N A
V (V)>V (V)>o0 (D-4)

228
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FIGURE D -1t
THE r, REQUIREMENT WHEN a<rg/(ty-T )< b
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Thus, since there is a single intersection,

% A ~ A
v (V) = V (V) (D-5)
b3 A
A\ (Vl) <V (Vl) for Vl <V (D-6)

3 ~ A
Vv (Vl) < Vv ('v'l) for V < V1

A
If V> b orif V< a, then the two r, requirements are

non-overlapping. Then a5 is given by:

S =ag +A/(b-a) (D-7)

where ag is the value given in Appendwx C for Case I. The value of
1
CJI is given by:

2
N, + T (A, b)(b-a)
T = =1 Al (D-8)
{ q§

where NI is the numerator of f; for Case I, and where z;.A (A, b)

is the value of Z; » computed for a = A.

Consideration of the various situations possible when

A *
a< Vv b is aided by reference to the cases of V in ®igure 3.2.

<
*
When V {ollows Case A, the requirements (D-4, 5, 6) and the

~

impossibility of the case v (a) < a and v (b) >b permita V
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function only at Case A" [i.e., v (Vl) > Vl) fora < V, < b]. When
V* follows Case B, the V function may be any of Cases A, B, or C.

When V* is Case C, then only Case C is possible for V. 1t V=== is of
Case D, then Case I (of Appendix C) is applicable. If V*is of Case E

and a < A < b, tken interposition is possible only by meeting the T,

requirement (D-2) and g = A / (b-a)ard /Z-; = to.

A *
The computation of /C; inCaseIlfor a< V< band V

in Cases A, B, or C is similar to that performec in Appendix C for

Case I. We illustrate the process for V' of Case A or B and V of

Case C, as depicted in Figure D-2. We compute NII and 9GE by
integration over the shaded area:
P\
v A
N, = (b-a)° T av t A4V D-9)
n = B-al S, - 1/, 04 V2 (D-
a v (Vl)
% N ~
v v o(V,) \'s V(V,))
/ 1 / l’ \
n m dv n m
-/ dvl v v dV2+ 1 v -v,dvz
2 i 2 1
a a f a /

L1

~ 3%k
The cases of V ap;w-ar sii- liar in V., V, - space to those for V ,
. cur . . o
with the cor.-itions Leng described interms of s - r and 77
. o o L
instead of s ind to.

v
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<>
<}
~<

A
qi5=(b~a) (b-A)+(D-V)(A-a)+ dV1 dVZ

Integrating, and gene ralizing for all Case II situations, yields:
I = NII (x, Y) / q§ (x} Y)
where:

A A
Ny, yi=(b-a) T ., (G, (V) -6, -G, &)

AA
v (n—ro> ny
AR
+ G2 (Y)]+n |v log, /Y loge S
1 A
/(n-r)x m(n-r ) 'Z\'V+m
- x log SR I log L
e( a e Z"L x4+ m

A
+ ma loge (%} - é~ - tn__) (V -vy) to - to (A-a) (y-a)
o

g lx: yI=(b-A)(b-2a)+(b-V)(A - a)

(n-r ) \ A
+ 2 .a (V- x)

’CL /
N
(n-r }Jm Z'V-i-m
- A log L
72
ZL e 'le+m

{D-11}
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whore
/'C';_‘ Rem .
Ol (%) .(-T log, | zL 5 +m)
t s+ m
("]
G, (s) - log, (T s+m)
The arguments x and y take the values
x = Max }'a, I}
y = Max 2&, d}
am ~
where { = — (from V ({)sa)
° L
am "
d l—r-t—o—;—- (from V (d) s a)

Thus, {f
V‘ is Case AorBand V (s Case A cr B, Z; s ?; (2, a)
V* (sCase Band V (s Case C, Z; . z;(l, a)

v iscasecand ¥ iscasec, £ = O 11, @)



APPENDIX E
INVESTIGATION OF THE RELATIONSHIP BETWEEN DISCRETE
VELOCITY DISTRIBUTIONS AND THEIR UNIFORM EQUIVALENTS

This appendix provides further discussion of the general
relationship between the dlacrete velocity distributions and the corre-
sponding uniform distributions having identical mean and variance. The
most recent data avallable on aircraft performance characteristics and

on the distribution of aircraft types at several airports is used.

Distributions of only air carrier aircraft are considered
since airline aircraft constitute the largest proportion of the traffic at
major airports Juring IFR weather, and since data on the distribution
of types of alr carrier arrivals are most readily available., Data were

obtained for the following seven airports:

1. Washington National (DCA)

2. Newark (EWR)

3. New York International ldlewild (IDL)
4. Los Angeles International (LAX)

5. LaGuardia (LGA)

6. Chicago Midway (MDW)

7. Chicago O'Hare (ORD)

232
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The distribution of alrcralt types arriving at each of these alrports was
determined from the March 18, 1960 Alrline Cuide { A9]. These distri-
butions are presented in Table £E-1. For each aircraft type, the speed
along the glide path (also shown in Table E-1) was determined from a
recent report prepared for the FAA by Fairchild Corporation [70], and
from supplementary available information, The resulting velocity
distributions (based on an assumption that the landing speeds of all alr-
craft of a given typs are equal to the specified value) at the seven air-

ports are presented in Tuble E£-2 and depicted in Figure E-1,

Using these data, the characteristics of the equivalent uni-
form distributions wore determined, and are tabulated at the bottom of
Table £-2. Landing rates were determined for each of the alrports
under the alternative assumptions of uniform and discrete velocity dis-
tributior, The resulting landing rates at each alrport for several param-
etey values are shown In Table E-3; the correlation between the two
velocity distributions ls depicted in Figure E-2, where the solld lines
enclosing all the points but one represent deviations corresponding to
differences of + 2%. The average nbsolute difference in all 56 points
is only 0,26 landings per hour, representing an error of about 0. 6%,
The maximum difference ls 0.93, or 2, 4%. Tho {it here is seen to be
exceptionally good, and to be retained despite the differences in the

shape of the original discrete distributions.
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TABLE K-I

DISTRIBUTION OF AIRCRAFT TYPES ARRIVING AT AIRPORTS
(Data from March 15, 1960 Airline Guide)

Al:;ult | Voloc.lty. - T B
Type (knots) || DCA | EWR | IDL | LAX | LGA | MDW | ORD

Boeing 707 138 25 32 20
Britannia 135 2

Stratocruiser 120 1 1
Constellation 130 43 24 | 22 23 42 53 4
Comet 128 || 1

Convair 115 23 29 9 13 14 39 22
DC-3 .95 15 10 5 14 69 6
DC-4 110 16 6 6 6
DC-6 130 28 13 18 33 40 45 14
DC-6B 130 20 8 | 31 40 6 18 11
DC-7 12% 21 5 13 24 24 11
DC-7B 125 26 18 9 4 8 4
DC-7C 130 14 12 2 8

DC-8 145 12 13 15
F-27 100 3 11 5
Llectra 145 42 18 | 38 8 47 50 2
Martin 404 110 44 22 8 6 13 16 2
Viscount 125 5% 25 | 23 1 43 46 7




VELOCITY DISTRIBUTIONS AT AIRPORTS
(Dats from March 18, 1960 Airline Guide)
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TABLE E.2

Veloc lt;'b | DCA “E.WNR IDL LAX LGA MDW ORD
(kn?.t....) 1 S%) (?0) (7‘.0)_ (%) (%_) .‘_L ) (%) |
98 17. 78 4. 84
100 0.86 0 0 5.12 0 1.29 0
110 17. 14 12.79 6.09 2.79 5.94 5,67 6. 45
118 6.57 16,86 3.91 v, 05 6.39 10,05 | 17.74
120 0 0 0.44 0 0 0.26 0
125 29.14 27.91 | 20.00 13.49 19. 64 20.10 | 17.74
130 30.00 26,16 36.08 45,57 40.18 31.96 | 23.39
135 0 0 11.74 14,88 0 0 16.13
145 12,00 10.47} 21.74 9.77 21.46 12.89 | 13.71
V (knots) 124, 2 123, 1 131.0 127.7 127.9 121.7 126.3
R (knots) 41.6 41.4 32.8 38. 4 44. 4 53.6 42,6
a (knots) | 103.4 [102.4 |{114.6 [108.5 |105.7 | 94.9 | 105.0
b (knots) 145,0 143.8 | 147.4 [146.9 150.1 148.5 147.6
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FIGURE E-2
CORRELATION BETWEEN LANDING CAPACITY AS COMPUTED USING
UNIFORM AND DISCRETE VELOCITY DISTRIBUTIONS
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As would be expected, the fit over the entire distribution is
less exact than in only the mean. Thes~ data are shown in Figures
E-3.1 - E-3.7 for the cases of m = 7 and 10 miles, s, = 3 miles, and
to = 0.5 minutes. (The .urves for larger to values ~an be determined
merely Ly displac'ng the discrete jump to the to value desived.) Here
again, despite the basic differences in the discrete distributions, the

fit using the uniform distribution seems to be reasonably satisfactory.

Consideration of the two-point discrete distribution aids in
examining the extent of the correspondence between the landing rates
based on the uniform and discrete distributions. We consider that there
are two aircraft types of velocities v and Vs which occur with proba-
bilities p and (1 - p). The mean (\7) and range (R) of the distribution
are given by:

V = v, P+v, (1 -p) (E-1)

R2 = j2 G’VZ =12 (v2 -vl)2 p(l - p} (E-2)

or, for 2 fixed V and R:

v,= V - R'K (E-3)

<
n
<
+
e}

K -4
/p (E-4)

ota——
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where R’ =« R/VNI12™

K, N - pi/p

Ignoring at first the to reutriction, we note that:

(E-5)

2 2

—_ s p s (l-p)
T, o2 2 (L. m)ppa 2
AA i = l-l(vl vj %) vi vy

Making substitutions for \ and v, from equations (E-J3) and (E-4), it is

found after manipulation, that:

V3 /
s (V y+RrR")

T = (E-6}
AA (Vz-R/Z) I+ R/V
where;
' ‘llz’_‘;_:_ll’l. (E-7)
Further manipulation yields:
(E-8)
T ' l %
r— ———= K(n,"
AL " T T KO,
Vo e AV
\ It )z

where:

Ne R//V =« R/N1Z ¥ (E-9)
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The distribution's moments higher than the secord affect
,C;\A only through /. Wa note from equation (£-7) that the function,
r(p), is zsero for p v 0, drops rapldlyto -2© atps Vs5°, becomes

+ ©© atp= 0, 5+, and then returns to zeroat p = 1,0; in the vicinity of

p-O.rzn-p.

It ls necessary tc restrict our consideration to values of p at
least greater than 7? , since smaller ones would lead to unrealistically
low values of vy We note, from examination of maximum R and mini-
mum V values, that )z < 0.2 in all practical cases, and that a more
typical value is 72 = 0.1, Figure E-4 illustrates the second factor of
equation (E-8) plotted as a function of p for these two values of )z o It
is seen that, in the typical case, even the second moment of the velocity
distribution affects the landing time by only 1% (the 1 - )z 2 term), and
the perturbation due to r is negligible for all reasonable values of p.
Even in the extreme case, the exaggerated effects of both 7( and

influence the mean landing ti'me by less than 6%, while the effect of 's

in the reasonable range of p (from 0.3 to 0.8) is less than 1%.

The to limitation would affect the above conclusion slightly.
If s, v > to for V= Vir Vo then the to restriction could apply only in

the case of Az following Al' Z;.A is then given by:
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(E-10)
s / n m )
= - i - —— "—/
AA o 1 + p(l p)MaxéO,to < +v )
— 3 2 1
v l

2
- o—_—
W-p0 3z
where the second term represents the "to penalty,' i.e., the addition
to the mean landing time that results from the to restriction. When

t, = 1 min.,V = 120 knots, R = 12V 12 = 41.6 rnots, the t, penalty

takes the following values as a function of p:

. 104 minutes when p = 0.1
. 085 minutes when p = 0.5

. 969 minutes when p = 0.9

These values are also small compared to a2 typical value of SO/V =

1.5 minutes.

The investigations discussed in this appendix indicate the
relative insensitivity of the landing capacity to the assumed form of the
landing-velocity distribution other than that represented by the first two
moments of that distribution, thereby justifying the use of the analytically-
convenient rectangular distribution as an approximation to the real dis~

tribution.
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APPEND!IX F

RUNWAY PERFORMANCE MEASURES AS A FUNCTION OF
Vi Ry 155 mitos £ps Cop s So

LANDING RATES (X ), INTERPOSITION RATES (v, ), AHD OPERATIONS RATES {z)

V = 100 KNOTS R = 40 KNOTS

o | m | t, | Ap | top 4, =2 MILES 4o = 3 HILES 4, =4 HILES
wreesy wiees | win | 24 1w, (1,/.1/;) Yo (,;‘,‘,,) (,;1,,) Ve (a’:;,) (1:/.) Yo (o;j’)
2 s | o5 05] 1 us.8| 0.28| 614 || 32.9 | o.87[ 61.3]] 2¢.8 | 146 495
' 2 0.25 | .0 0.77] s2.6 1.C0 | ¥9.5

1.0 | 0.2 56.9 X IEX 1.22 | 9.5

) { 2 0.12 [ wo.i | o osu| we.8ff § [o0.92 Jues

1.0] 65| 1 w1 | 0.12] w3 || 32.7 | o.61 ss.8|| 287 [1.22 | 9.3

[} 2 0.12{ 38.8 0.58{ 48.4 €.92 [ N6

o] 1 0 | st 0.21] §5.7 0.72 |w.2

t 2 o | 3.0 0.21| 35.1 0.64 | 38.1

s osf 4 a1.5] 0.03] ue.7[| 31.2] 0.38] w7.0]} 2¢.6 [ 0.98 [us.6

{1 2 0.03| 33.8 0.38] 37.8 0.80 §42.1

o] 1 o 1.l 0.02] Wiy 0.30 | 38.2

I 2 o | 3.3 ) 0.02] 3.0 0.30 | 31.2
10 05| o8| 43.0] 053] es.3f] 31.7 | o.98] e2.6{] 24.5 [1.50 [ wo.0

1] 2 031 ue.8 0.70] 4.3 0.99 [ 487
vl 0.39] 60.0 0.78] s7.0 1.28 49.0

' 2 0.31 | wan|f 0.58] .0 0.87 | v

0] os{ i 3s.3] 0.39] ss.o 30.1 | o.79] se.s]| 24.0 [1.28 | ns.0

| 2 0.31 | 40,7 0.58] u2.5 0.87 | 43.5

o] 1 0.19] 0.6 047} u7.6 0.88 | 45.9

2 0.18| 372.3 0.36] 36.7|} \ 0.63 { 37.4

s os| 32.8] o0.28] w71} 27.9| o.62] w7r.3]] 23.2 | 1.08 [wen
) 2 o.2%] 35.8 ons] 37.f] | Jo.7s | 3s.8
t.0f 1 0.08] ¥3.6 0.25] wisf] ! o.ss §aas
f ] i1 2 .08 32.71f o.21] s2.2]] ¢ |owi [3ie
. s o5 os| 1 ve.8l o | s3.sl| 32.9} o [ s2.s]] 29.7 [ 0.28 [ 381
4 2 0 | 3r.2 [ K 0.28 | 31.0

1.0 0 | 53.8 0} w28 0.1z | 36.8
11 2 o | 312 o | il v Joaz]2s
10 os5f 05] 1 u3.0f o0.08] s1.3]] 31.7f o.22] aw.9]] 266 Jos3 [wil0
KRR 0.06§ 36.6 0.20} 34.3 0.41 ) 33.0
0] 1 0.02| so.6 0.14] 3.6 0.39 | 39.2
1 1 2 0.02| 35.9 o.14] 33.2) 031 | 31w
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LANDING RATES {1 ), INTERPOSITION RATES (v, ), AND OPERATIONS RATES ()

V = 100 KNuiS R = 60 KNOTS

| m it | Ao | fop 4, =2 MILES o= 3 MILES 4, =4 HILES
(uices) wies | ww. | %4 | win. (,:“h) v (a;‘;‘h) (l;»\h) Y (a;‘,‘h) (I,I-Ib) R (0;‘,,,
2 [ 05} o5 1 us.9) 0.36| 61.7|] 32.1 | o0.90] eo0.8!, 24.2 ji.u8 [us.6
[ 2 0.3¢ | ¥5.7 0.70| ss8.0 1.0 8.5

1.0 1 0.22] s7.5 0.68, 54.7 1.25 J48.5

+ 2 0.22 | 39.4 0.55| 43.4 0.89 |wy.6

1.0 { 0.5 ] w1.3] 0.22] s3.8 1] 312 | o.68] s3.eff2u.t {i1.25 fue.2

t 2 0.22] 374 0.55] 42.5 0.29 |¥s.3

1.0 ] 0.06 | 50.2 0.32] 6.1 0.79 |1

+ 2 0.06 | 35.6 0.30{ 36.1 0.60 | 36.5

1.5 0.5 ' 3.9] 0.13] 6.3 {| 29.1 | o.s| we.5|| 23.6 [1.02 |u7.2

¢ 2 0.3 ] 3.7 0.41] 37.0 0.75 | 39.%

1.0 1 o | .2 0.13] 40.9 0.y 386

3 2 o ! 323 0.13| 31.5 0.36 |31.¢

10 0.5 ] 0.5 ] 36.9] 0.7¢ ] w.2[] 28.7 1 1.18] s7.3]] 23.0 J1.67 |ws.0

4 2 0.52 | %6.4 0.77| «7.0 1.0 jve.0

1.0 1 0.62 | 59.9 1.00] s7.3 1.87 | 46.0

] 2 043} w3y 1 0.67] 3.7 0.93 | .7

1.0 0.5 ! 32.9] 052} su.s|f 26.9] 1.0} 53.7§] 22.2 f 147 jwn.3

1 2 0.43 ! won 0.67] «i.5 0.93 |v2.5

1.0 ! 0.41 | 89.7 0.72] w1.7 .z |es.3

i 2 0.25 | 35.9 0.99| 36.9 0.72 | 36.7

1.5 ] 0.8 1 28.8) 0.5¢ | u6.6 ]| 20.7 | o.86] we.7]] 20,0 [i.20 [w2.2

¢ 2 0.36 | 35.6 0.57] 36.5 0.83 |37.7

1.9 [ 0.25 ] #2.4 2.49] 40.9 0.81 |39.¢

4 2 0.19| 32.% 0.3¢] 32.! 0.5¢ |31.9

[} 5 0.5 | 0.5 ' ws.9| o | s2.0}] 32.¢ | o.06] w2.7[( 2¢.2 | 0.36 |3s.£
} + 2 o | 3.3 0.06! 32.0 0.3 |31.7
1.0 1 0o | s2.0 0.01] %..0 0.22 |36.9

i 2 0o | 3.3 ¥ o.01] ar.2{] ¢ 0.22 | 20.8

10 0.5] 0.5 t 36.9] 0.20] ws.u || 28.7 | owu3l ss.0f} 23.0 | 0.76 |«2.0

{ 2 0.16 | 36.2 0.31] 3.8 0.52 | 33.¢

1.¢ i 0.i4 | ¢8.3 0.33] 3.5 0.62 | #C.2

1 [} 2 0.12° 35w 0.25} 33.3 0.43 | 32,1
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LANDING RATES {2 ), INTERPOSITION RATES (v, ), AND OFLEAT:GNS RATES ( )

V= 120 KNOTS R = 40 KNOTS

o, | m |t | Ap | op 4y = 2 HILES 4o T 3 HILES do =4 MILES
(MILES) MILES | MIK. zita uiK. (‘.:/,) o (o;‘h) (I;}h) Yo (o’:;,) (l:h) Yo (o':,,_a
2 1 0.5] o.5 ' s8.5) 0.20] ke.0f] .3.61 o0.78] 69.2f] 30.1 | 1.26 { 60.2
4 2 0.17] w1 0.56] 50.2 1.00 | 59.4

1.0 | 0.04] 60.6 0.50{ 59.5 .02 | 60.2

] F] 0.03| v0.0 T 2] 95.0| 0.92 | 55.1

1.0 0.5 [ 52.1] 0.08| 56.7]] 39.3] 0.50] 59.f(| 29.7 | 1.0Z | 59.6

i 2 0.03] 38.8 0.42 G| 0.92 | 55.1

1.0 ! 0 55.8 0.07] us.8| 0.%9 | 47.5

) 2 0 381 0.07] 35.% 0.49 | 39.5

1.51 0.5 ] 39.7] o 47.8|] 35.9| o0.23] 49.2]] 29.v [ 0.76 | 52.8

i 2 34.2 0.23] 37.¢ 0.75 | 7.3

1.0 1 u7.8 0 [T 0.10 | %0.8

1 { 2 Y 3.2 [) 32,711 0.10 | 31.3
10 8.5¢ 0.5 1 53.2] 0.40] 63.3]] 38.7| 0.80] 68.7(] 29.6 | 1.26 | 59.3 |

{ ? 0.33] 8.5 0.63] 52.8 0.89 | 53.5

1.0 1 0.25] 69.1 0.60] 61.5 1.03 | 59.3

} 2 0.25[ 5.6 0.50] §7.0} 0.76 | ¥8.0

1.0] 0.5 1 45.5] 0.25] 58.21] 36.5§ 0.60] 58.7)f 29.1 | 1.03 | 58.3

] 2 0.25] 42.5 6.50] 45.4 0.76 | 7.3

1.0 i 0.09] 53.8 0.27| 50.7 0.61 | 9.0

|} 2 0.03] 38.2 1 0.26] 38.5 550 ; 39.2

t.5] 0.5 1 36.8| 0.16] u8.€|| 32.7] 0.92] u9.6]] 27.8 | 0.81 | St.1

{ 2 0.16] 36.3 0.37] 38.8 0.63 | ¥i.%

1.0 1 0.01] u5.8 0.10] u3.8 0.30 | 81.9

) 2 0.01| 33.2 o.lﬁl 33, 0.27 | 33.2

] W[ 0.5] 0.5 1 $8.9] 0 59.51] 39.6 0 W7.7]| 30.f | 0.20 | 92.9
¥ 2 i 39.8 39.2 0.20 | 33.9

1.0 1 T 59.5 47.7 0.08 | ©0.6

[ { 2 v 39.8 ”':iu‘?l 0.04 | 30.6

10] o.5] o 1 53.2] 0.01)] %5.8]1 38.7| o0.14] u9.e]| 73.€ | 0.40 | 45.7

1 2 0.01] 38.6 .19 36.‘3{ 0.36 | 37.0

1.0 [ 5 56.4 0.07] ws.yf 0.25 | 43.3

) 2 ] 38.4 0.07 35.51 0.25 | 34.0
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LANDING RATES (X ), INTERPOSITION RATES (v, ), AND OPERATIONS RATES ( u)
V = 120 KNOTS R = 60 KNOTS

Yo | m | % | Ap | top A, = 2 MILSES Bp = 3 HILES 4,54 HILES
rces) wiees | win. | %4, | i, ((:/.) R T(o;j’) (lé‘h) v (o’:h) (l:/.) Vo (a;‘h)
2 s Jos]os| 1 6.3 | 0.28 | 67.3 || 35.0 | c.77] e8.0{{ 20.4 [1.26 [se.7

i i 2 0.24 | 6.3 0.61] 51.8 0.93 |55.0
1.0 | 0.14 | 62.1 0. ' | 59.3 1.03 |s8.7
i 2 1 0.13 | u2.7 0.49 ] 46.3 0.82 |50.0
1.0] 05| 1 ye.6 | 0.14 } 57.2 || 37.7 | o.51{ s7.8]| 29.3 |1.03 [ss.5
4 2 0.13 | vo.y 0.49| 46.0 0.82 |49.8
o] o o | s3.8 0.17 | 49.7 .53 |47.7
{ 2 o | 36.0 0.:7] 36.9 0.49 |39.1
1.5 | o.s | 38.9 ] 0.06 | u7.6 ] 33.9 | 0.31{ us.e|] 25,y |o0.78 {si.z
3 2 0.56 | 38.% 0,31 38.4 0.67 Ju3.3
1.0} o | v6.8 0.02] 43.6 0.21 |ui.3
| 4 2 0 33.7 0.02| 22.2]| o 0.2t |32.5
10 ] o5 cs| 46.8 | 0.55 ] 69.4 || 35.9 | 0.2 ] 68.7{{ 28.5 {1.35 }s6.9
T 2 0.42 | 49.2 0.56] 51.0 0.90 |52.0
1.0] 1 0.42 | 6u 3 0.7% | 62.2 t.18 |s6.9
L 2 1 0.32 | 45.5 0.5% | %6.4 1 0.79_{47.5 |
1.0 o5 | i v0.3] o052 | s57.8 || 33.2 | o.7w| ss.t{f27.4 |11y Y.z
] 2 0.32 | w2.t 0.54 ] u4.0 0.79 |[46.0
1.0 0.22 | »2.8 0.4% | 50.8 0.77 |uo.y
4 2 0.19 | 38.8 ¢34} 38.% 0.55 |38.8
1.5 05| 33.6} 0.3 | va.y [] 20.7 , o.s8] w9.2]} 25.7 [o.95 |r0.2
¢ 2 0.25 | 36.6 0.43] 38.0 0.67 |40.1
1o 0.99 | av.6 0.24 | 43.2 0.48 |u2.0
1 { 2 0.09 | 33.3 ] 1 0.20] 32.2[]] ¢ lo.35 [33.1
4 4 0.5 | 0.5 | 1 55.3] o | ss.1ll3s.c] o.00] wr.s]] 29,9 {o.28 {ua.s
1 2 | o | 39.2 0.01 | 33.2 0.28 |34.5
1.0 1 0 |58 o | w3 0.1 |%1.3
| 2 o | 3v.2 o | 33.9{] ¥ Jo.w [31.8
10 0.5 | ¢.5 ' 46.8 | 0.10{ s5.1 [] 35.9 | o.28} so.2|f 28.c |o.55 {us.9
2 0.10 | 38.9 0.24] 37.6 0.92 |36.7
1.0 0.06 | 5.0 0.19] 48.4 0.42 |74.6
1 ) ) 2 0.06 | 38.0 0.7] 3sall 1 0.32 | 3.7
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